Habitat and population structure of the Morelet’s crocodile (Crocodylus moreletii) in Calakmul Biosphere Reserve, Campeche, Mexico by Barão-Nóbrega, JAL
Habitat and population structure of 
the Morelet’s crocodile (Crocodylus 
moreletii) in Calakmul Biosphere 














José António de Lemos Barão da Nóbrega 
This thesis is submitted to the School of Science, Engineering and 
Environment, University of Salford, in fulfilment of the requirements for the 











I dedicate this work to my mother, Maria José Barão, and my late 
grandfather, José Carlos Barão, as without encouragement and 
tireless support I would not have had the opportunity to first be a 





















Table of Contents 
List of Figures .................................................................................................................... IV 
List of Tables .................................................................................................................... VIII 
Acknowledgements ........................................................................................................... IX 
Abstract ............................................................................................................................. XV 
Chapter 1 – General Introduction ....................................................................................... 1 
1.1 Environmental change and herpetofauna .................................................................... 1 
1.2 Modern Crocodylians – Crocodiles, Alligators and Gharials ......................................... 3 
1.3 Morelet’s crocodile (Crocodylus moreletii, Duméril and Duméril 1851) ........................ 7 
1.4 Calakmul Biosphere Reserve (CBR) .......................................................................... 10 
1.5 Freshwater habitats in CBR ....................................................................................... 11 
1.6 Herpetofauna in Calakmul ......................................................................................... 16 
1.7 Crocodylus moreletii in Calakmul ............................................................................... 17 
1.8 Project rationale and major aims ............................................................................... 17 
1.9 Thesis structure ......................................................................................................... 19 
Chapter 2 – Distribution and characterization of aguadas in the Calakmul Biosphere 
Reserve .............................................................................................................................. 20 
2.1 Introduction ................................................................................................................ 20 
2.2 Material and Methods ................................................................................................ 24 
2.2.1 Surveying for aguada locations ...................................................................................... 24 
2.2.2 Aguada general structure characterization................................................................... 25 
2.2.4 Aguada water level and vegetation cover analysis ..................................................... 25 
2.2.5 Aguada water quality parameters .................................................................................. 26 
2.2.3 Setting up an aguada long-term monitoring citizen science project ......................... 26 
2.3 Results ...................................................................................................................... 27 
2.3.1 Aguada general structure characterization................................................................... 27 
2.3.2 Aguada water level and vegetation cover analyses .................................................... 30 
2.3.3 Water quality parameter analysis .................................................................................. 34 
2.5.2 Long-term aguada monitoring ........................................................................................ 34 
II 
 
2.4 Discussion ................................................................................................................. 36 
2.4.1 General structure monitoring .......................................................................................... 36 
2.4.3 Water quality assessment ............................................................................................... 37 
2.4.4 Long-term aguada monitoring ........................................................................................ 39 
Chapter 3 – N-mixture models provide informative crocodile (Crocodylus moreletii) 
abundance estimates in dynamic environments ............................................................ 41 
Abstract ........................................................................................................................... 41 
3.1 Introduction ................................................................................................................ 42 
3.2 Material and Methods ................................................................................................ 43 
3.2.1 Study area and data collection ....................................................................................... 43 
3.2.2 Abundance estimation ..................................................................................................... 46 
3.3 Results ...................................................................................................................... 48 
3.4 Discussion ................................................................................................................. 55 
3.5 Final Considerations .................................................................................................. 60 
Chapter 4 – Screening for evidence of hybridization and assessing genetic structure of 
Morelet’s crocodile (Crocodylus moreletii) across the region of Calakmul (Campeche, 
Mexico) using Next Generation Sequencing (dd-RADseq) ............................................ 61 
4.1 Introduction ................................................................................................................ 61 
4.2 Material and Methods ................................................................................................ 65 
4.2.1 Sample collection ............................................................................................................. 65 
4.2.2 Double digest RAD Sequencing (dd-RADseq) ............................................................ 68 
4.2.3 SNP discovery and genotyping using STACKS .......................................................... 69 
4.2.4 Identifying mitochondrial reads ...................................................................................... 70 
4.2.5 Genetic structure and introgression .............................................................................. 72 
4.2.6 Crocodile relatedness in the region of Calakmul ......................................................... 73 
4.3 Results ...................................................................................................................... 74 
4.3.1 SNP discovery and genotyping using stacks ............................................................... 74 
4.3.2 Genetic structure across Calakmul ................................................................................ 76 
4.3.3 Admixture proportions and co-ancestry ........................................................................ 80 
4.3.4 Individual relatedness ...................................................................................................... 85 
4.4 Discussion ................................................................................................................. 89 
4.4.1 Screening for presence of hybrid individuals in Calakmul ......................................... 89 
4.4.2 Population structure across Calakmul .......................................................................... 95 
III 
 
4.4.3 Relatedness and mating system .................................................................................... 98 
4.5 Final Considerations ................................................................................................ 102 
Chapter 5 – General discussion and concluding remarks ........................................... 105 
5.1 Key Findings ............................................................................................................ 105 
5.2 General Discussion ................................................................................................. 106 
6. References Cited ......................................................................................................... 114 
7. Appendix I – Ethics Approval Letter (University of Salford) .................................... 164 
8. Appendix II – Aguadas of Calakmul Database .......................................................... 165 
9. Appendix III – Herpetological diversity of Calakmul (Campeche, Mexico): an updated 
species list with new distribution notes ........................................................................ 167 
Abstract ......................................................................................................................... 167 
Introduction ................................................................................................................... 168 
Material and Methods .................................................................................................... 170 
Results .......................................................................................................................... 171 
Discussion ..................................................................................................................... 180 
Conclusion .................................................................................................................... 182 
Acknowledgements ....................................................................................................... 182 
10. Appendix IV – Distribution and concentrations of Persistent organic 
pollutantresidues in sediments of waterbodies in the region of Calakmul (Campeche, 









List of Figures 
Figure 1. Cladogram exhibiting the phylogenetic relation between modern 
crocodylians and the geographical regions where these species occur.  
Figure 2. General head morphology and dentition examples of the three families of 
living Crocodylia (dorsal and side views).  
Figure 3. General morphology of a crocodylian.  
Figure 4. Morelet’s crocodile (Crocodylus moreletii, Duméril y Duméril 1851). 
Figure 5. Map of sampling localities for Crocodylus acutus and Crocodylus moreletii 
throughout Mexico and the Caribbean.  
Figure 6. Location and structure of Calakmul Biosphere Reserve (CBR) in Campeche, 
Mexico. 
Figure 7. Climate change data in Mexico between 1910 and 2000. 
Figure 8. Water availability, average annual rainfall, and Baird’s tapir (Tapirus bairdiii) 
estimated abundance in ten aguada habitats in the Southern Core Zone of Calakmul 
Biosphere Reserve. 
Figure 9. Mean relative abundance and species richness of herpetofauna in Calakmul 
Biosphere Reserve between 2014 and 2019. 
Figure 10. Spatial distribution of all located aguadas in Calakmul Biosphere Reserve. 
Figure 11. Photographic examples of waterbodies in Calakmul Biosphere Reserve. 
Figure 12. Categorical hydric state of aguadas within and around Calakmul Biosphere 
Reserve. 





Figure 14. Multi-model inference used to investigate the effect of survey year and 
zone on water levels of aguada habitats in Calakmul. 
Figure 15. Multi-model inference used to investigate the effect of survey year and 
zone on vegetation cover of aguada habitats in Calakmul. 
Figure 16. Water chemistry parameters in waterbodies in Calakmul Biosphere 
Reserve.  
Figure 17. Citizen science data collection project for long-term aguada monitoring in 
the region of Calakmul using Epicollect5 
Figure 18. Spatial visualisation of aguada water level data collected in 2019 across 
Calakmul using Epicollect5. 
Figure 19. Location of the Calakmul Biosphere Reserve (CBR) in southern-central 
region of the Yucatan Peninsula (Mexico).  
Figure 20. Variation in local Crocodylus moreletii abundances in Calakmul in relation 
to survey year. 
Figure 21. Residual diagnostics for the three N-mixture models fitted to the 
Crocodylus moreletii spotlight count dataset. 
Figure 22. Generalized linear models between local Crocodylus moreletii abundance 
and waterbody perimeter in the region of Calakmul. 
Figure 23. Crocodylus moreletii detection probability estimations in function of water 
level and vegetation cover inside the waterbody calculated through Zero Inflated 
Poisson N-mixture modelling. 
Figure 24. Graphical assessment of model fit by parametric bootstrapping of the N-
mixture modelling approaches. 
Figure 25. Perimeter distribution of the 1663 semi-temporary and permanent 
waterbodies across the region of Calakmul (Campeche, Mexico). 
Figure 26. Map of potential C. moreletii distribution in Mexico. 
VI 
 
Figure 27. Lateral and dorsal views of the head in Crocodylus acutus and Crocodylus 
moreletii. 
Figure 28. Side and ventral views of caudal scalation in the proximal end of tail of 
Crocodylus acutus and Crocodylus moreletii. 
Figure 29. Six main collection regions within Calakmul, and origin of reference 
samples obtained from non-admixed populations of Crocodylus acutus and 
Crocodylus moreletii within Mexico. 
Figure 30. Elevation profile of the southern portion of the Mexican Yucatan Peninsula 
and location of the six regions in Calakmul where Crocodylus moreletii samples were 
obtained. 
Figure 31. Example of a 1.5% agarose gel electrophoresis run on crocodile DNA 
extracted from caudal vertical scutes. 
Figure 32. Visual assessment across crocodile samples of the mapped sequences 
corresponding to mitochondrial genome region 9528-9622 of Crocodylus moreletii and 
Crocodylus acutus. 
Figure 33. Relationship between genetic and geographical distances in C. moreletii 
across Calakmul. 
Figure 34. PCA plots generated from the SNP dataset of C. moreletii from Calakmul. 
Figure 35. Inference of number of clusters identified within the SNP dataset of C. 
moreletii from Calakmul. 
Figure 36. Assignment of Crocodylus moreletii samples into the six genetic clusters 
inferred by the k means algorithm in relation to where samples originate from.  
Figure 37. Spatial distribution of Crocodylus moreletii from the six genetic clusters 
inferred by the k means algorithm. 
Figure 38. DAPC plots generated from the SNP dataset of C. moreletii from Calakmul. 
VII 
 
Figure 39. Genetic structure and Bayesian admixture proportions (qi) from 
fastSTRUCTURE with K = 2 to 6, where solid lines are 95% credible intervals and 
different colours represent each admixture proportion. 
Figure 40. Genetic structure and ancestry proportions (Q-scores) from NGSadmix 
with K = 2 to 6, where solid lines are 95% credible intervals and different colours 
represent each admixture proportion. 
Figure 41. Individual coancestry based on haplotype similarity across all C. moreletii 
and C. acutus samples. 
Figure 42. Individual coancestry based on haplotype similarity for C. moreletii samples 
from the region of Calakmul, indicating the presence of three main clusters with further 
substructure visible within each group. 
Figure 43. Relatedness values for 100 simulated pairs with known relatedness estimated 
through Wang's relatedness, based on allele frequencies from the 400 loci with highest 
number of heterozygosity across C. moreletii individuals in Calakmul. 
Figure 44. Pairwise relatedness (RW) network for C. crocodilus estimated through Wang's 
relatedness estimator, based on allele frequencies. 
Figure 45. Pairwise relatedness network for C. crocodilus based on the full-sibship 
and half-sibship dyads inferred through maximum likelihood in COLONY. 
Figure 46. Parental assignment network in C. moreletii inferred through maximum 
likelihood in COLONY. 
Figure 47. Aguada data visualization tool available online using Google Earth. 
Figure 48. Location of Calakmul Biosphere Reserve within the southern Yucatan 
Peninsula in Mexico, Operation Wallacea’s annual survey sites and other localities of 
opportunistic herpetofauna sightings. 
Figure 49. New herpetofauna records encountered in Calakmul: Engystomops 
pustulosus, Eleutherodactylus leprus, Ctenosaura similis and Holcosus gaigeae. 
VIII 
 
Figure 50. New herpetofauna records encountered in Calakmul: Coniophanes 
bipunctatus, Pseudelaphe phaescens and Tantilla cuniculator.  
Figure 51. New herpetofauna records encountered in Calakmul: Stenorrhina 
freminvillei, Tantilla schistosa, Scaphiodontophis annulatus and Sibon dimidiatus.  
Figure 52. Number of detected Persistent Organic Pollutants (PAHs and OCs) in 
sediment samples from aguadas in the region of Calakmul. 
Figure 53. Polycyclic Aromatic Hydrocarbons and Organochlorinated pesticide 
substances detected in surface sediments of waterbodies in the region of Calakmul. 
Figure 54. Concentrations the most detected Persistent Organic Pollutants (PAHs and 
OCs) in sediment samples from aguadas in the region of Calakmul. 
 
List of Tables 
Table 1. Variables used to characterize general structure, water quality and 
contamination levels of waterbodies in Calakmul Biosphere Reserve (Campeche, 
Mexico). 
Table 2. Models used to investigate the effect of survey year and zone on water levels 
and vegetation cover of aguada habitats in Calakmul.  
Table 3. Abundance estimation models of Crocodylus moreletii abundance in 
Calakmul using three different N-mixture model approaches. 
Table 4. Estimates of total population size of Crocodylus moreletii occurring in the 
region of Calakmul based on five different estimation approaches. 
Table 5. Geographic distance and mean Fst values between the six regions in 
Calakmul where Crocodylus moreletii samples were obtained. 
Table 6. Details on capture location, size class, gender and assigned crocodile group 
of the 95 samples used for genotyping-by-sequencing (ddRAD-Seq). 
Table 7. List of amphibians and reptiles encountered in the region of Calakmul. 
IX 
 
Table 8. Number of detections and mean concentrations of Polycyclic aromatic 
hydrocarbons (PAHs) in sediment samples from 66 waterbodies across the region of 
Calakmul.  
Table 9. Number of detections and mean concentrations of organochlorinated 
compounds in sediment samples from 66 waterbodies across the region of Calakmul. 
Acknowledgements 
To Operation Wallacea and University of Salford for their financial and logistical 
support through the ICase sponsorship. 
To my academic supervisor Dr. Robert Jehle, for all his support, friendship, incentive, 
pints of ale, guidance, constructive feedback, and never-ending patience in this PhD 
journey.  
To Operation Wallacea’s Calakmul project senior scientist Dr. Kathy Slater and 
country manager Caroline Acton, for inviting me to join the project, and for believing 
and supporting the idea of a PhD research project involving aguadas and crocodiles 
in Calakmul. Also thank you for all that you both have taught me throughout the 
multiple expeditions we have been together in Calakmul, for the good moments and 
serious and silly conversations we’ve shared, and for all the logistical challenges we’ve 
been able to overcome as a team.  
To Operation Wallacea’s senior management members Dr. Tim Coles, Dr. Dan Exton, 
Alex Tozer an Pippa Disney for supporting and believing in this PhD project and 
approving the funding for the ICase partnership with University of Salford. 
To Janet Morana, Marie Watts and Vicky Beckett from the Knowledge Transfer 
Partnerships (KTP) office, for all the support and assistance in handling my ICase PhD 
studentship at University of Salford. 
To Mexico’s Secretariat of Environment and Natural Resources (SEMARNAT) for 
granting the research permits. 
To Mexico’s National Commission of Protected Natural Areas (Calakmul office) for 
granting me permission to carry my PhD fieldwork in Calakmul Biosphere Reserve. 
X 
 
To the IUCN/SSC Crocodile Specialist Group for granting me the Student Research 
Assistance Scheme (SRAS) to assist with fieldwork equipment costs, enabling me to 
purchase a boat to survey for crocodiles in Calakmul (“Santa Maria de la Aguada”). 
To Santander Universities for granting me a travel award to assist with travel costs, 
enabling to participate on the 26th Working Meeting of the IUCN/SSC Crocodile 
Specialist Group in Santa Fe, Argentina. 
To NERC’s Biomolecular Analysis Facility for granting me the funding to be able to 
receive training in molecular bioinformatics at University of Sheffield’s NBAF unit and 
use of their facilities for a population genetic analysis study using a SNP dataset 
obtained through ddRAD sequencing. 
To Dr. Mauricio González-Jáuregui (“the crocodile man of Mexico”), for being 
someone so amazing that the mere fact that I did know him back in 2016 costed me 
a PhD funding opportunity in Aveiro, Portugal. After finally meeting the legend in 
2017, it has been a pleasure collaborating with him in multiple projects and an even 
bigger pleasure becoming his friend. Over the years, he has become a key player in 
my PhD and provided guidance and assistance in multiple components of my 
research project. He is a true jack of all trades, has been an excellent mentor, with 
whom I have learned so much, and hopefully will be able to learn so much more. 
To Dr. ll his everlasting good mood, willingness to for a, Jaime Rendón von Osten
collaborate, logistical support provided, and for opening the doors to his lab for the 
analysis of water and sediment samples from aguadas in Calakmul.  
To Dr. José Rogélio Cedeño-Vasquez, for his goodwill and willingness to collaborate, 
logistical support provided, knowledge shared throughout the years and for opening 
the doors to the use of ECOSUR’s laboratory for processing of crocodile tissue 
samples, by facilitating conversations with Dra. Arely Martinez and assisting with the 
institutional bureaucratic process. 
To the Balam-Ku & Balam-Kin State Reserve management team composed by Lic. 
Alberto Escamilla, Lic. Joaquin Antonio Lopez Sosa and Ing. Arturo Balam (Secretaría 
de Medio Ambiente y Recursos Naturales – Campeche; SEMARNATCAM) for 
welcoming me so openly in their operative centre and for all the support they have 
provided during my fieldwork activities, through use of equipment and facilities and 
XI 
 
also the time of their park-wardens Enrique and Evelio, which accompanied me in the 
field multiple times. I would also like to acknowledge Lic. José Hinterholzer Piño team, 
that although no longer affiliated with the Reserve, was the reserve director at the time 
and my original point of contact. 
To Eduardo Batista, for being a source of inspiration and a good friend. He was the 
one who originally told me about the Epicollect5 system. 
To all elected representatives (“comissários”) and communities of 16 de Septiembre, 
Alváro Obregón, Bel-Ha, Conhuas, Crostóbal Colón, Dos Lagunas Norte, Dos 
Naciones, Hormiguero, Keiche Las Pailas, Ley Fomento, Mancolona, Nuevo Becal, 
Ricardo Flores and Silvituc (Campeche, Mexico) for granting permission to conduct 
fieldwork activities inside their ejidal land and for providing guide services and logistical 
support. A special acknowledgement to local guides Don Nicholas, Señor Alberto, Don 
Miguel, Don Rolando, Don Élver, Don Gustavo, Don Carmelo. Without their 
assistance, as without this study would not have been possible. 
To B.Sc. Antonio Lopez-Cen from Pronatura Peninsula de Yucatán, B.Sc. David Sima-
Pantí and M.Sc. José Adalberto Zúñiga Morales from Consejo Nacional de Áreas 
Naturales Protegidas (CONANP) for their assistance with obtaining yearly research 
permits. 
To Pierre Charruau, Marco López-Luna and César Cedillo Leal for their willingness to 
collaborate by sending me tissue samples from crocodiles captured in their study 
areas to use as reference in the bioinformatic analyses in my genetics chapter. 
To M.Sc Arely Martinez from El Colegio de la Frontera Sur (ECOSUR) in Chetumal 
(Mexico) for all her patience, guidance and assistance in the laboratory work during 
the DNA extraction and quality check stage of my PhD project.  
To Dr. Kathryn Maher from Sheffield’s NBAF for putting up with my general ignorance 
regarding theoretical genetics and bioinformatics, and for the long hours and 
assistance provided during the population genetic analyses. 
To Dr. Katherine Yates, Dr. Sean O’Hara, Dr. Christoph Meyer and Dr. Stephen 
Martin for accepting to be examiners in my Interim Assessment and Internal 
XII 
 
Evaluation and providing valuable constructive criticism which only improved the 
quality of this PhD project. 
To Dr. Ronis Da Silveira, Dr. Boris Marioni and Dr. Robinson Botero-Arias my former 
supervisors / colleagues in Brazil, for all their valuable teachings that laid the 
foundation that enabled be to carry out this PhD research. Thank you also for his 
continued support and collaborative efforts, which allowed me to still be connected to 
the Amazon, throughout the years even if only slightly. 
To my family for all the support and incentive they have provided throughout my PhD 
journey. Thank you, Maria José Barão, Carlos Nóbrega, Ana Barão, Fátima Cardoso, 
Armindo Bule and Paulo Cohen! 
To Caroline Acton (“The Guapacton”) for all the conversions and moments we have 
shared together throughout the years. What started as a good friendship evolved into 
something more, and so I am thankful for being a part of her life. She has the most 
fantastic logistical brain and a beautiful smile. Thank you for being an amazing 
person, being a pool of logistical knowledge and advice (which I should follow more 
often), putting up all my complaints regarding the life and the universe, putting up with 
my indecisions and shenanigans and all the support provided during this PhD 
journey. 
To my hometown friends that despite our differences and being slip across the globe, 
the distance did not pull us apart and together we still stand. Even after all these 
years, we still manage to find time to see each other through the years, even if briefly 
during Christmas and New Year. I would like to particularly thank Fernando Cordeiro 
for being…. himself, and Paulo Oliveira (“Coruche”), Miguel Monteiro, João Marinho 
(“Polter”), João Curado, Telmo Gomes, Luís Lopes, Marisa Ferreira, Inês Margarida, 
Adriana Freitas, Rita Limede, Ana Pereira-Monteiro and Diogo Pereira-Monteiro for 
all the conversations (both serious and non-sense) and adventures throughout the 
years.  
To my university friends from Paródia for all the madness, laughter, naughty smiles, 
and contagious cheerfulness. Thank you for all the memories we forged in the path 
but also for all the moments we keep sharing even being apart. I’ve learned a lot from 
you over the year, and despite each taking a different professional path it is with 
XIII 
 
utmost pleasure that I cheer for your successes which inspire me to keep on powering 
on my own path. In particular, I would like to acknowledge, André Couto (“Fuzi”), Luís 
Pratas-Santiago, Filipa Domingues, Mariana Mota, Inês Guedes, Tatiana Silva, 
Andreia Guimarães, André Rendeiro, João Pisco, João Bela and Soraia Lopes. 
To Vanessa Ferreira, for all the complicity, madness, random conversations, crazy 
adventures, and pub crawls in Aveiro. 
To Dr. Marisol Buenfil-Rojas (“Mama luchona 4x4”) for all the support and goodwill in 
opening her house and hosting me during my laboratory work in Chetumal, for having 
acquired a very comfortable swing chair (“the best columpio”) in which we had many 
conversations of both serious and ridiculous nature after a day’s work, for sharing a 
taste for good wine, tequila, mescal, beer, rum and cuban cigars, for taking me on a 
gastronomic voyage of Mexican delicacies in Chetumal (Tacos Locos <3) and for 
becoming a source of professional inspiration and such an amazing friend. She is 
also the mother of one of the funniest kids I have ever interacted with, as her daughter 
Maryon has an incredible imagination, made me laugh constantly and we have rapidly 
become best friends. Finally, for the long hours of laughter we have shared with M.Sc. 
Ana Calderón (“Caldeirão”) talking about the misadventures of Sandy and Dulzón 
Gutierrez. 
To Sam Browett, for being the first flatmate in Manchester I enjoyed living with and 
for the multiple meaningful, ridiculous, professional, and adult conversations we 
shared, which in many ways helped keeping the spirits up, particularly in those weeks 
of homeworking due to COVID-19 when the permanently grey weather, cold and 
uncertainty brought my overall mood down. It is also worthwhile mentioning that he 
was the one that showed to me the shows IT Crowd, Top Girl and The 80’s Show, to 
which I got very hooked and to get closure went on binging (sometimes borderline 
procrastination) sessions to watch multiple episodes to get the thing out of my 
system.  
To all my teammates from Black Sheep, Manchester Ultimate, University of Salford, 
DUFFA, and Gambozinos (Aveiro, Portugal) Ultimate Frisbee teams for the 
camaraderie during practices and games, with which I’ve learned so much both inside 
and outside the pitch. 
XIV 
 
To M.Sc Sérgio Padilla-Paz (“My brother from another mother”), for all his support, 
friendship, long nights in the field chasing crocodiles and beers, barbeques and 
conversations we’ve shared during this PhD journey. 
To Peel denizens Gary Kerr, Ross Fawkes, Rutase Doroh, Donal Smith, Muhammad, 
Marine Cusa, Charles Baillie, Waheed Bakare, Fadal, Chris Brodie, Rory, Andrew 
Highlands, Alex Mastin, Sam Browett, Alan Mcdevitt, Chiara Benvenuto, Jean Boubli, 
Nelly and Stuart Robertson for all the conversations in Pub on Fridays, during the 
week during lunch break in the kitchen, in rooms 334 and 335 or in the hallways. 
A special thanks to Vanessa Corrardi, Verónica Isoart, Samuel Pineda (“Capitan”), 
Don Luciano Hernandez, Olivério Platas-Vargas (“Superman!”), Isaias, and Esteban 
Dominguez (“Hombre Sendero”) for their involvement in Operation Wallacea’s 
Calakmul project and all their support in the field. 
Thank you to Samuel Henderson, Josh Daw, Julio César Gutiérrez and Pedro E. 
Nahuat-Cervera for their motivation and spirit during whilst assisting me during my 
fieldwork activities, for all the conversions in remote locations late at night, for sharing 
their knowledge and experiences, for keeping me entertained during the long hours 
we’ve spent in the middle of nowhere, and finally for not just being a forgetful face and 
becoming my friends. 
Thank you to Don Antonio, Doña Marisol and Doña Rafaela from Zoh Laguna for 
allowing me to inhabit the green house, my main base during fieldwork, and making 
me feel welcome.  
I cannot end this section without acknowledging Xena (“Princess warrior of Calakmul”), 
Taco and Santa Maria de la Aguada. Although being inanimate objects, they became 
more than just a means of transportation during my fieldwork adventures. Many 
memories were forged around these two trucks and one boat, and so thank you being 
a key component of this PhD voyage and powering through all my driving across 
Calakmul, enduring difficult off-road journeys to reach remote aguada locations, 
keeping me safe whilst conducting surveys and for being overall amazing!  
And finally, I would like to acknowledge all the Morelet’s crocodiles captured during 




The Yucatan Peninsula (YP) is one of the most recognizable parts of Mexico and is well known 
as one of the significant areas in Mesoamerica which supported the Mayan civilization. In the 
southern portion of the Peninsula, natural aquatic habitats occur at relatively low densities 
across the region in the form of semi-temporary ponds (aguadas) sustained by rainfall, and 
constitute the only local source of standing water during most of the year to both the fauna 
and human communities. The Morelet’s crocodile (Crocodylus moreletii) is an apex predator 
and a flagship species inhabiting these aquatic environments, but only rudimentary 
information about this species exists in the region. 
This PhD project contributes to current knowledge on aquatic habitat in Calakmul Biosphere 
Reserve (CBR) and characterizes aguada habitats across the region through information on 
their general structure and water quality. Such inferences provide a baseline to investigate the 
population structure of C. moreletii within and around CBR through N-mixture modelling to 
estimate local abundances and population sizes, and population genetic analyses using SNPs 
generated through a double-digest RADseq approach (dd-RADseq). 
A total of 85 waterbodies were located and described throughout CBR, out of which 64 were 
annually monitored for water level and vegetation cover from 2016 to 2019, providing detailed 
data on shape and size variation in response to fluctuations in annual precipitation. A citizen 
science project was also designed for long-term monitoring of aguadas using standardised 
data entry forms and information uploaded through a mobile app to a centralized online 
database. N-mixture models applied to count data (n = 1,105 crocodiles) from 256 spotlight 
surveys conducted across 50 representative aguada locations have resulted in estimates of 
crocodylian detection and abundance, with covariates enabling insights into population 
responses to local environmental conditions. Extrapolating abundance estimates across 
Calakmul yielded in ~12,000 C. moreletii present, demonstrating that the region is an 
important global stronghold for this species. Population structure assessment of C. moreletii 
showed that CBR still harbours genetically pure individuals, whereas genetic pollution through 
increased hybridization with the American crocodile (Crocodylus acutus) is common across 
other parts of its range. This assessment also revealed that the six main geographical regions 
within Calakmul where samples originated from to a large extent represent own genetic 
clusters, and spatial population structure is highly linked to extended family networks within 
each region.  
Taken together, the findings of this PhD will play an essential role in management actions 
towards the conservation of C. moreletii populations in aguadas, establishing C. moreletii as 




Chapter 1 – General Introduction 
1.1 Environmental change and herpetofauna 
Variations in climate are due to occur naturally across seasons, years and millennia. 
However, the unprecedented rate of warming observed in recent decades poses a 
significant threat to ecosystems, especially when combined with the vast range of 
other anthropogenic stress sources to which water sources are subjected to 
(Malmqvist et al., 2008). On a global scale, temperature is increasing due to the effects 
of climatic change (Kerr, 2001), which is currently recognised as one of the largest 
threats to biodiversity as environmental homeostasis is required for many species to 
persist (Margalef, 1963; Omann et al., 2009). Many species are unable to adapt 
quickly enough with the current pace of environmental change. Humans, with their 
ability to manipulate the environment, are themselves feeling the impacts of these 
changes (Jarvis et al., 2012), the effects of which are magnified on species which lack 
the capability to respond.  
Increasing temperatures due to global warming pose a threat to regions that are 
heavily reliant on rainfall, such as tropical forests. These habitats typically experience 
two well established seasons over the year, categorized as dry and rainy season 
related to the abundance of rain (Murphy & Lugo, 1986). A seasonal cycle is essential 
to the existence of these habitats, as rainfall patterns directly influence the life-cycle 
of flora and fauna that occur in these regions (Leng, 1990). If rainfall is insufficient, 
drought effects are more pronounced as the rate of evaporation is amplified due to the 
high temperatures natural to tropical and sub-tropical regions (Trenberth, 2011). 
Therefore, a lack of rainfall in drier regions may result in the loss of habitat to aquatic 
species and a lack of drinking water for many terrestrial organisms (Taylor, 1970). 
Moreover, loss of available habitat due to desiccation can result in reduced feeding 
grounds, breeding areas and the ability to persist in the area (Lake, 2003; Matthews 
& Marsh‐Matthews, 2003). Climate change can also contribute to excessive rainfall 
(Trenberth, 2011), which results in flooding which may block terrestrial migration 
routes, temporarily or permanently deplete available food resources (Mwalyosi, 1991), 
or result in death due to drowning of less mobile species (Ahlers et al., 2010). 
Increased rates of weather fluctuations have been observed at various tropical 
locations around the globe (Condit et al., 1996; Still et al., 1999; Williams et al., 2003), 
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with weather patterns becoming more variable in the future (Woodward et al., 2010). 
Continued weather fluctuations could be devastating to global biodiversity, as a larger 
number of species is reliant on tropical climates compared to temperate ecosystems 
(Brooks et al., 2002). This is because tropical environments are rich in biodiversity, 
with many of the world’s biodiversity hotspots being located in them (Myers et al., 
2000). 
Herpetofauna represents a paraphyletic clade containing reptiles and amphibians. 
Although phylogenetically rather distant, these two taxa share many traits that allow 
them to be grouped together, such as their ectothermic nature and reliance upon 
specific biological niches to thrive (Vitt & Caldwell, 2013). Amphibians and reptiles play 
integral roles in food webs as herbivores, predators, and prey, as well as connecting 
aquatic and terrestrial ecosystems (Schenider et al., 2001; Vitt & Caldwell, 2013). 
Some of the most important factors that have affected herpetofauna during the last 
four decades are change in land use (habitat deforestation, fragmentation and 
deterioration), emergence of infectious diseases (e.g. chytridiomycosis), toxin release 
into the environment (and toxin-accumulation in trophic chains), overexploitation (by 
illegal trafficking or unmeasured scientific collecting), exotic species introduction 
(competitors or predators), and synergetic interactions with environmental change 
(e.g. see Urbina-Cardona, 2008; Johnson et al., 2017; García-Padilla et al., 2020; and 
references therein).  
Environmental change itself represents an intricate association of stressors, which 
include alterations in temperature and rainfall patterns. Interaction between stress 
factors may occur and enhance climate change effects. For example, prolonged 
summer droughts may lead to an increase in temperature and may also amplify the 
effects of eutrophication and pollution by increasing the concentrations of nutrients 
and toxins, which can result in the alteration or disappearance of local herpetofauna 
communities (Woodward et al., 2010). Any change to the equilibrium of their habitats 
could be devastating, as many species lack the means to disperse easily to new 
habitats (Row & Blouin-Demers, 2006), and as a result an extended drought or 
excessive rainfall could be potentially fatal. Additionally, weather changes are 
particularly important to them, as their ectothermic (“cold blooded”) lifestyle makes 
them reliant on ambient temperature (Gardner, Barlow, & Peres, 2007; Laurance et 
al., 2011). In particular amphibians have suffered dramatic losses to their numbers in 
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recent years (Beebee & Griffiths, 2005), with habitat loss being a leading cause of this 
downturn (Stuart et al., 2004), due to their reliance on freshwater for metabolic 
processes and reproduction (Vitt & Caldwell, 2013). It is necessary to increase our 
understanding of how habitats are affected by global warming and how that affects 
their usage by herpetofauna. 
1.2 Modern Crocodylians – Crocodiles, Alligators and Gharials 
Crocodylians are group of aquatic reptiles adapted to the water-land interface for more 
than 200 million years (Brochu, 2003). There are currently 27 recognized species 
(Figure 1), distributed across three families (Crocodylidae, Alligatoridae, Gavialidae - 
Figure 2; Grigg & Kirshner, 2015), although data from recent molecular studies 
indicate that this number might increase (e.g. see Muniz et al., 2018; Pacheco-Sierra 
et al., 2018; Roberto et al., 2020). All extant species inhabit tropical and subtropical 
lakes, rivers and coasts, spending most of their time in or close to water; some 
alligatorids may extend their distribution range into temperate habitats. Although 
crocodylians exhibit morphological features typically associated with modern reptiles 
(e.g. scales; Figure 3), their phylogenetically closest relatives are birds and extinct 
groups belonging to the clades Crurotarsi and Ornithodira (such as dinosaurs, 
pterosaurs and other “crocodile-like reptiles”), which together form the Superorder 
Archosauria (Grigg & Kirshner, 2015).  
All crocodylians share a range of distinctive traits, such as having a heart with four 
chambers which allows efficient respiration underwater, and the possession of a 
sublingual valve that prevents water entering the oesophagus when submerged. All 
species have an almost exclusive carnivorous diet, generally preying upon unaware 
animals at the interface between water and land (Grigg & Kirshner, 2015). 
Reproduction is oviparous with rather large clutches per nest (usually between 20 and 
90 eggs, depending on species, female size and body condition), and females nesting 
every one or two years. Sexual dimorphism is well defined, with males being larger 
than females. Mating occurs in water, before females usually leave the aquatic 
environment to lay eggs in mound-shaped nests constructed by accumulation of leaf-
litter, vegetation and branches (all Alligatoridae, the false gharial and about half of the 
Crocodylidae species, including C. moreletii) or hole-shaped nests excavated in a 
suitable substrate (the gharial and the remaining Crocodylidae species). Contrary to 
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lepidosaurs which represent the majority of extant reptiles, female crocodylians exhibit 
intensive parental care, which includes construction, maintenance, vigilance and 
defence of the nest and hatchlings for an extended period of up to two years (Grigg & 
Kirshner, 2015). Nesting females of more terrestrial species (e.g. spectacled caiman - 
Caiman crocodilus) remain in proximity to their nest during egg incubation, during 
which females alter their feeding frequency and dietary composition (Barão-Nóbrega 
et al., 2016a), at an associated metabolic cost (Barão-Nóbrega et al., 2017). 
 
Figure 1. Cladogram exhibiting the phylogenetic relation between modern 
crocodylians and the geographical regions where these species occur. Adapted from 







Figure 2. General morphology of the head and dentition examples of the three living 











Crocodylians are amongst the largest and most abundant vertebrates in many 
ecosystems around the world (Ross, 1989; Grigg & Kirshner, 2015). In the Amazon 
basin, for example, caimans are considered to be amongst the predators with the 
highest biomass (Magnusson & Lima, 1991; Campos et al., 2016). Despite their 
important ecological, cultural and economic role (Grigg & Kirshner, 2015; Sigler & 
Gallegos, 2017), crocodylians are an understudied group, and little is still known about 
key aspects of their life history (Somaweera et al., 2020). Crocodylians have been 
reported to influence the ecosystems they inhabit by modifying the habitats during 
drought periods (e.g. digging holes and dens), and by regulating the population size 
of their prey (Goldschmidt et al., 1993; Grigg & Kirshner, 2015). In central Amazonia, 
it is believed that caimans (Alligatoridae) have a high contribution to recycling 
processes of vital nutrients through consumption and excretion in areas where primary 
production is low, enhancing the growth and development of fish (Fittkau, 1973; 
Rosenblatt et al., 2013). In the coastal Everglades in Florida, alligators dig and 
maintain water-filled holes in freshwater marsh areas, which provide refuge to the 
alligators themselves during dry periods but can also be used by other aquatic 
organisms (Palmer & Mazzotti, 2004).  
Information regarding population structure and density is essential for conservation 
planning in crocodylian species (Zamudio et al., 2004; Balaguera-Reina & Densmore 
III, 2014). As apex predators their disappearance can induce alterations in the balance 
of the food chain in aquatic ecosystems (Rosenblatt et al., 2013), as they occupy 
different trophic levels as they grow in size (Grigg & Kirshner, 2015). Thus, 
understanding their response to habitat alteration is necessary to improve our efforts 








1.3 Morelet’s crocodile (Crocodylus moreletii, Duméril and Duméril 1851) 
The Morelet’s crocodile (Figure 4) is a medium-to-large species that can grow up to 
maximum size of 4 metres, with adult individuals averaging a total length of between 
two and 2.5 metres (Sigler & Gallegos, 2017). This species inhabits mainly freshwater 
areas such as marshes, swamps, ponds, rivers, lagoons and manmade waterbodies 
(Alvarez del Toro, 1974). Crocodylus moreletii can be found in Belize, Guatemala and 
Mexico, with the latter accounting for about 88% of the species’ distribution area 
(Sánchez-Herrera et al., 2011). Populations of C. moreletii were greatly reduced in 
many areas due to unregulated skin hunting, which occurred principally in the 1940s 
and 1950s (Sigler & Gallegos, 2017). Due to severe sanctions, illegal hunting is now 
thought to be minimal, but still considered to be the principal threat to population 
recovery in some areas (Zamudio et al., 2004; Platt et al., 2010).  
Figure 4. Four individuals of Morelet’s crocodile (Crocodylus moreletii, Duméril and 






In Mexico, Crocodylus moreletii is protected by law and is included in the Official 
Mexican Directive (NOM-059-ECOL-2001), under the list of species that are subject 
to special protection. It is also listed in CITES 
(www.cites.org/eng/app/appendices.php) and as Least Concern in the IUCN Red List 
(https://www.iucnredlist.org/species/5663/3045579), which reports that its 
conservation depends on the preservation of its habitat (Cedeño-Vázquez, Platt, & 
Thorbjarnarson, 2012). A monitoring programme (Morelet’s Crocodile Monitoring 
Program Mexico-Belize-Guatemala) was established a decade ago aiming to 
ascertain the conservation status of this species based on an estimation of population 
numbers and abundance (Sánchez-Herrera et al., 2011). The results obtained 
suggested that C. moreletii was not in danger of extinction, and was recently removed 
from CITES Appendix I to Appendix II, and also removed from the Endangered 
Species Act (ESA) for the trade of skins in North America (http://www.fws.gov/endan 
gered/laws-policies/).  
Although hybridization is considered a potential threat to endangered crocodylians 
(e.g. Milian-Garcia et al., 2016), the frequency, geographical extent and drivers of 
hybridization among wild crocodylians remain poorly understood (Hekkala et al., 
2015). In the case of C. moreletii, hybridization with C. acutus has been reported in 
coastal regions of sympatry between both species within the Yucatan Peninsula 
(Cedeño-Vázquez et al., 2008; González-Trujillo et al., 2012). It is also known from 
inland sites currently outside the distribution range of C. acutus in Belize (Ray et al., 
2004) and Mexico, including remote locations up to 450 km from the coastline 
(Pacheco-Sierra et al., 2016). Consequently, individuals and populations routinely 
identified as C. moreletii are very likely to be admixed (i.e. of hybrid origin), although 
conservation considerations for C. moreletii largely do not take this into account 
(Figure 5; Pacheco-Sierra et al., 2016). Pacheco-Sierra et al. (2016) also identified 
only three pure (non-admixed) populations of C. moreletii in Mexico, occurring in 
locations that represent mainland “islands”, supporting the species original status as 
endangered. These locations are characterised by geographical barriers to gene flow 
with other populations, and non-hybrid individuals have a decreased chance of contact 




Figure 5. Map of sampling localities for Crocodylus acutus and Crocodylus moreletii 
throughout Mexico and the Caribbean. Circles indicate sampling localities; the blue 
lines represent the river system and possible routes of migration, while the grey 
shadow is the historical sympatric zone between the two species. Dark red and dark 
blue dots indicate the localities where non-admixed individuals of C. acutus and C. 
moreletii are present, respectively. Admixed individuals are represented by circles, 
which are coloured to reflect the gradient in hybrid indexes with a colour gradient 
(shown in the insert scale from blue to orange, with the corresponding hybrid index 
value). Letters under the dashed circles indicate the name of the Mexican State where 
samples were collected: TM - Tamaulipas, SL - San Luis Potosi, VZ - Veracruz, TB - 
Tabasco, CP - Chetumal, YC - Yucatan, QR - Quintana Roo, QZ - Cozumel, BC - 
Banco Chinchorro, VT – Ventanilla. The location of Calakmul Biosphere Reserve 









1.4 Calakmul Biosphere Reserve (CBR) 
Calakmul Biosphere Reserve (18.60583 N, 89.94444 W; WGS84; Figure 6) is an 
expanse of tropical forest that covers an area of 723,000 hectares, and is part of the 
Selva Maya that encompasses Mexico, Guatemala and Belize, spanning over 10.6 
million hectares and representing the largest continuous section of tropical forest in 
Mesoamerica (Vester et al., 2007). The climate in CBR is warm and sub-humid with a 
mean annual temperature between 24 and 25 ºC. The topography is relatively flat with 
shallow rocky soils, although altitudes range from 100 to 380 m (García-Gil et al., 
2002). There is a rainy season between June and October with an annual rainfall 
average of 1,076 mm, varying between 700 mm in the north and more than 2,000 mm 
in the south (García-Gil et al., 2002; Reyna-Hurtado et al., 2010), with significant 
effects on forest structure and tree species composition (Vester et al., 2007). The 
majority of the reserve is composed of tropical semi-deciduous forest with a canopy 
ranging from 15 to 40 meters, with tropical deciduous forest and a canopy height of 8 
– 20 meters in the north (Chowdhury, 2006). Being one of the last remaining stands 
of primary forest in Mexico, CBR is classified by UNESCO as World Heritage Site of 
Culture and Nature (UNESCO, 2016). More than 35,000 people inhabit almost 100 
communities dispersed around the protected area and depend on the extraction of 
natural resources such as water from the aguadas that persist in the dry season (Gunn 










Figure 6. Location and geopolitical structure of Calakmul Biosphere Reserve (CBR) 
in southern portion of the Yucatan Peninsula (Campeche, Mexico). 
1.5 Freshwater habitats in CBR 
In the CBR, most of the substrate consists of carbonated rocky materials (CaCO3), 
which facilitates water filtration and underground movement due to its permeability 
(García-Gil et al., 2002), which difficulties the existence of permanent waterbodies 
(Gunn et al., 2002). Most of the rainwater percolates into the underground, leading to 
the absence of a permanent surface hydrological network in the form of rivers and 
streams. Surface water occurs only in areas where the terrain allows the accumulation 
of rainfall to create semi-temporary natural ponds locally known as aguadas (García-
Gil et al., 2002; Reyna-Hurtado et al., 2010; Delgado-Martínez & Mendoza, 2020). 
Aguadas are an essential resource for a wide variety of species (Hernández-Huerta 
et al., 2000; Martínez-Kú et al., 2008). They offer drinking and bathing spots for large 
mammals such as tapirs and peccaries (Reyna-Hurtado et al., 2016), allowing the 
occurrence of fish (Valencia Díaz, 2001; Vega-Cendejas et al., 2013) and 
herpetofauna species that require aquatic habitat such as frogs, freshwater turtles, 
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and C. moreletii (Cedeño-Vázquez, Mandujano, & Pozo, 2006a; Colston et al., 2015; 
Barão-Nóbrega et al., 2020).  
The shape and size of aguadas varies seasonally in response to fluctuations in annual 
precipitation (García-Gil et al., 2002; Gunn et al., 2002; Barão-Nóbrega, 2019). 
Aguadas represent the only local source of standing surface water during most of the 
year (Reyna-Hurtado et al., 2010; Faust & Folan, 2015), but occur at relatively low 
densities across the region (on average less than one non-dry waterbody per 535 
hectares, García-Gil, 2000; Delgado-Martínez & Mendoza, 2020). Coupled with the 
dispersed distribution of aquatic habitat across CBR, annual water availability depends 
on precipitation patterns which significantly fluctuated over the last decades (Figure 7; 
Cuervo-Robayo et al., 2020). Data from the Mexican Government Weather 
Department (Comisión Nacional del Agua, Servicio Meteorológico Nacional - 
CONABIO) show that CBR experienced a 16% reduction in annual median 
precipitation values during the last 50 years (Reyna-Hurtado et al., 2010; Márdero et 
al., 2012; Morales & Pantí, 2015; Márdero et al., 2019). For example, during the dry 
season of 2006, Aguada Calakmul (one of the biggest aguadas in the reserve’s 
southern Core Zone) entirely dried up for the first time in at least 16 years, forcing 
several peccary groups (Tayassu pecari) to abandon the area and heading 15 km 
south looking for water (Reyna-Hurtado et al., 2009). Fluctuations in occurrence and 
abundance of the endangered Baird’s tapir (Tapirus bairdiii) are also associated with 
variation in water availability in the CBR (Figure 8; Reyna-Hurtado et al., 2019). A 
decrease in general herpetofauna abundance and species diversity has also been 
linked with periods prolonged drought (Figure 9; Slater et al., 2020). No information on 







Figure 7. Climate change data in Mexico between 1910 and 2000. Negative and 
positive areas represent decreases and increases changes, respectively, in maximum 
temperature of the warmest month (a), minimum temperature of the coldest month (b) 
and annual precipitation (c). Blue areas indicate negative signs (decrease) for the 
difference between 1940 –1970 and 1970 – 2000. Red areas indicate positive signs 
(increase) for the difference between the same periods. White areas indicate an 














Figure 8. Annual rainfall and water availability (as percentage of aguadas with water) 
and average and Baird’s tapir (Tapirus bairdiii) relative abundance index (RAI) and 
occupancy rate (Psi) in ten aguada habitats in the Southern Core Zone of Calakmul 

















Figure 9. Mean relative abundance (A) and species richness (B) of herpetofauna in 
Calakmul Biosphere Reserve between 2014 and 2019, based on visual encounter 






1.6 Herpetofauna in Calakmul 
Calakmul contains 109 species of amphibians and reptiles, including the Peten 
centipede snake (Tantilla cuniculator), the Yucatan’s mushroomtongue salamander 
(Bolitoglossa yucatana), the spiny-tailed iguana (Cachryx defensor) and a box turtle 
(Terrapene yucatana) which are endemic to the Yucatan peninsula (Colston et al., 
2015; Barão-Nóbrega et al., 2020). The number species of amphibians and reptiles 
found in CBR and surrounding areas represent, respectively, approximately 84% and 
75% of total species richness registered for the state of Campeche and Yucatan 
Peninsula (González-Sánchez et al., 2017). Furthermore, it also encompasses 
approximately 60% of the observed herpetofauna richness in the entire Mayan jungle, 
which has one of the richest assemblages in the Americas (188 species; Lee, 2000). 
Herpetofauna are considered excellent biological indicators because they tend to be 
abundant and diverse, occupy a wide range of habitat niches and are particularly 
sensitive to changes in their environment (Vitt & Caldwell, 2013). Consequently, as 
habitats become more disturbed, herpetofauna diversity is expected to decrease and 
species that are no longer present reflect the loss of a specific habitat niche. 
Environmental change and the associated droughts observed in the CBR in the past 
decades is a major concern, as the presence and availability of water in aguadas is 
under threat due to insufficient rainfall (Barão-Nóbrega, 2019; Reyna-Hurtado et al., 
2019; Slater et al., 2020). Monitoring data from 2014-2019 indicate a decline in overall 
herpetofauna abundance and richness of both reptiles and amphibians paired with a 
significant reduction in water surface (Slater et al., 2020). Indeed, it has been shown 
that amphibian diversity to be highly influenced by local habitat factors such as 







1.7 Crocodylus moreletii in Calakmul 
Although our knowledge of C. moreletii’s life history across its distribution range has 
increased considerably over the last decades (Sigler & Gallegos, 2017), aspects such 
as population size, structure and genetic diversity are still unknown in remote areas of 
the Selva Maya. Calakmul is no exception, and little to no information is available on 
crocodiles inhabiting local aguadas across the region. Crocodylus moreletii is relatively 
easy to survey, and, similar to other crocodylians, is vulnerable to anthropogenic 
activities (Kushlan, 1988; González-Trujillo et al., 2014) and changing environmental 
conditions (Mazzotti et al., 2009). Therefore, C. moreletii represents a valuable model 
species to assess the impact of habitat alteration on semi-aquatic species in inland 
waterbodies (Mazzotti et al., 2009; González-Trujillo et al., 2014). Due to the 
geographical remoteness and topographic profile of aguada habitats in CBR, the 
region may also still hold a non-admixed C. moreletii crocodile population (i.e. 
genetically pure, without the intrusion of C. acutus DNA), and might therefore 
represent a location of great importance to the conservation of this species. Observed 
disruptions in rainfall patterns due to change in climate (Márdero et al., 2019; Cuervo-
Robayo et al., 2020) are impacting aguada availability by shifting water accumulation 
patterns during the dry and even early-mid rainy season in CBR (Barão-Nóbrega, 
2019; Slater et al., 2020). As such, it is of the utmost importance to better understand 
how these changes to the environment affect long-lived species such as C. moreletii, 
which can serve as umbrella species for the biodiversity that occurs in them. 
1.8 Project rationale and major aims 
The Yucatan Peninsula is one of the most recognizable parts of Mexico and is well 
known as one of the significant areas in Mesoamerica that supported the Maya 
civilization (Sharer, 1998; González-Sánchez et al., 2017). Current knowledge on the 
location and characteristics of small to medium sized waterbodies within and around 
CBR is still very incipient, and in great part based on an analysis of aerial photographs 
from 1995-1996 (García-Gil, 2000). More than 20 years later, no or limited further 
information exists on aspects such as general structure (e.g. dominant vegetation and 




It is imperative to update the available information on the dynamic changes to 
structural characteristics of waterbodies in CBR, due to shifts in water availability 
patterns which influence occurrence and abundance of local aquatic fauna. Research 
on the location and characteristics of waterbodies across the reserve, and how long-
lived vertebrate species like C. moreletii respond to such alterations, are important 
when assessing conservation management challenges to counteract alterations in 
water distribution in waterbodies across the reserve. Crocodiles are the only long-lived 
large bodied aquatic species in the region and a very charismatic species in general, 
which makes them a good umbrella species for other biodiversity occurring in these 
aquatic habitats.  
For top predators such as C. moreletii in CBR, more information is required on the 
factors that shape the structure and persistence of population structure under the 
influence of prolonged periods of drought. Adding information to this knowledge gap 
and providing information on the population status of C. moreletii in CBR is not only 
important for local aguada habitat conservation, but also at a national level (Álvarez, 
2005; Sánchez-Herrera et al., 2011; Cedeño-Vázquez et al., 2012) as most studied 
populations across the species’ distribution range are largely composed of admixed 
individuals (Pacheco-Sierra et al., 2016; Pacheco-Sierra et al., 2018). 
Based on what was described above, this PhD project has three major aims: 
1) Update current knowledge on aquatic habitat in CBR, by providing descriptive 
information characterizing waterbodies in the region (aguadas) through details on their 
general structure and water quality; 
2) Provide baseline data on C. moreletii populations in CBR by estimating local 
abundances in aguadas and total population sizes across the region; 
3) Describe the population structure of C. moreletii in Calakmul (CBR and surrounding 
areas) by using a genotyping by sequencing (ddRAD-Seq) approach to characterize 






1.9 Thesis structure 
This PhD thesis is structured into a general introductory chapter, followed by three 
data chapters, and a final chapter summarizing the presented information. 
Chapter 2 expands our existing knowledge on aquatic habitats in CBR by providing a 
characterization of aguadas through details on their general structure and water quality 
parameters. It also presents monitoring data on water levels and vegetation cover 
between 2017-2019, revealing the effect of a prolonged drought and presenting a 
citizen science project designed for aguada surveillance 
Chapter 3 focuses on estimating local abundances and total population sizes across 
Calakmul by employing a set of binomial N-mixture modelling approaches in 
comparison with more traditionally used methods.  
Chapter 4 employs a SNP dataset generated through a double-digest RADseq 
approach (dd-RADseq) to detect the presence of Crocodylus moreletii – Crocodylus 
acutus hybrids and investigate the population structure of C. moreletii across 
Calakmul.  
Chapter 5 consists of an overall discussion providing a final overview on this thesis 





Chapter 2 – Distribution and characterization of aguadas in the 
Calakmul Biosphere Reserve 
Unpublished data and information 
2.1 Introduction 
Wetlands have been important to human societies on all continents for millennia 
(Millennium Ecosystem Assessment, 2005). Although substantial wetland resources 
still exist worldwide, extensive areas have largely disappeared or have been 
transformed by human influence, especially in the tropics (Moreno-Casasola et al., 
2012). Ecological monitoring is a key part of adaptive management efforts (Lovett et 
al., 2007). Representative indicators which are able to show clear trends in response 
to change, and which are easily and efficiently communicated, need to be selected for 
monitoring purposes (Schiller et al., 2001; Doren et al., 2009; Mazzotti et al., 2009). 
Understanding natural conditions of an aquatic system allows predictions on whether 
an ecosystem is able to support significant change in its general composition without 
affecting its ecological functions, or if it is sensitive to small physicochemical 
fluctuations that may result in ecosystem degradation (Bolpagni, 2020; Boon & Baxter, 
2020). It is therefore important to identify whether water degradation is part of a natural 
cycle, or whether it is a consequence of human activities in the region (Chapman et 
al., 1996; Ritchie et al., 2003). Assessing the “health” of an aquatic system requires 
information on external factors, such as human activities, changes in seasonal hydric 
flow patterns, physicochemical characteristics of the water and information on 
presence of contaminants (Hirsch et al., 1982; Smith et al., 1997; Hawkins et al., 
2010). The latter factor acquires higher relevance when considering the effects of 
short-term (seasonal) and medium to long-term (e.g. prolonged droughts) climatic 
changes and alterations in land use (Chapman et al., 1996; Burton Jr, 2002). 
When measuring water quality, it is important to consider that pure water (i.e. water 
that contains nothing but hydrogen and oxygen) does not naturally exist in the 
environment (Prior, 2013). Natural water is affected by contact with bedrock or erosion, 
evapotranspiration, deposition of dust particles, percolation of organic matter and soil 
nutrients, and hydrological factors such as currents (Nollet & De Gelder, 2000). 
Furthermore, biological processes in aquatic (e.g. role of caimans in nutrient recylcing 
21 
 
in the Amazon Basin; Fittkau, 1973) and terrestrial environments (Mitchell & Soga, 
2005) may alter the physical and chemical composition through the presence of 
dissolved or suspended matter (Chapman et al., 1996; Moreno-Casasola et al., 2012). 
While minerals and salts are necessary to maintain certain ecological processes, 
others components such as metals, pesticides and organic toxins can have negative 
impacts (Chapman et al., 1996; Burton Jr, 2002).  
Drought can be defined as a prolonged period of moisture deficiency and abnormally 
low water levels, often triggered by disruption in precipitation and temperature patterns 
(Dai, 2011) and impacting species and human communities alike by reducing food 
production and increasing environmental temperatures (Rymer et al., 2016). Although 
periods of drought are common occurrences, many ecosystems (both arid and non-
arid; IPCC, 2007) are experiencing recurrent negative anomalies in water availability, 
with the frequency of extreme drought events predicted to increase in the next 
decades (Easterling et al., 2000; Dai, 2011).  
Calakmul Biosphere Reserve (CBR) in Mexico is part of the Selva Maya that spans 
over 10.6 million hectares across Mexico, Guatemala and Belize, making it the largest 
section of neotropical forest north of the Amazon. Most of the CBR is situated on a 
plateau, originated by uneven limestone erosion shaping the region in a heterogenic 
mixture of small mountains and micro-valleys (Gunn et al., 2002). Most of the substrate 
consists of carbonated rocky materials (CaCO3), which facilitates water filtration and 
underground movement due to its permeability (García-Gil et al., 2002). Soil 
composition allowed the development of a karst system, where rainwater is filtered, 
dissolving the rock and creating underground tunnels where water can flow (Porter 
Bolland et al., 2006; Pérez-Cortez et al., 2012). Such tunnel systems drain water to 
the west and northwest of the Yucatan peninsula, leading to the formation of cenotes, 
aguadas, wetlands, basins, caverns and springs (García-Gil et al., 2002; Gunn et al., 
2002). In Calakmul itself, above-ground waterbodies (locally known as aguadas) occur 
in low densities, and represent areas of reduced water permeability due to a layer of 
soil rich in organic material and clay (García-Gil et al., 2002; Reyna-Hurtado et al., 
2010). Aguadas can range from around 100 m2 up to several hectares in area, 
although the vast majority is relatively small (less than one hectare), not very deep 
(under 1 m) and dries up throughout the dry season (García-Gil, 2000; Valencia Díaz, 
2001; García-Gil et al., 2002). 
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Aguadas play an important role in the CBR as they represent sources of water to 
village communities and also serve as vital habitats to aquatic species, as well as 
charismatic terrestrial mammals such as peccaries Tayassu pecari (Martínez-Kú et 
al., 2008; Reyna-Hurtado et al., 2010) and the endangered tapir Tapirus bairdii 
(Reyna-Hurtado et al., 2016). Aguadas are influenced by soil permeability, climatic 
variation, and intensity of usage by both fauna (domestic and wild) and human 
communities. Temporal and spatial variation of structural characteristics of aguadas 
influence the surrounding forest, and seasonal patterns of water availability affect 
activity patterns and movements of local fauna (Reyna-Hurtado et al., 2010; Briceño-
Méndez et al., 2014; Carrillo-Reyna et al., 2015; Reyna-Hurtado et al., 2016). Despite 
their importance, insufficient knowledge still exists regarding these aquatic habitats 
(Reyna-Hurtado et al., 2010; Slater et al., 2020). 
Water in aguadas is largely sustained by annual rainfall, and the maintenance of water 
levels heavily depends on precipitation patterns (Valencia Díaz, 2001; O'Farrill et al., 
2014). Insufficient rainfall may lead to desiccation, which often results in the 
breakdown of impermeable membranes due to the rapid proliferation of fast-growing 
herbaceous vegetation, hampering rainfall accumulation in the next rainy season due 
to water loss by infiltration (Reyna-Hurtado et al., 2009; Barão-Nóbrega, 2019; Slater 
et al., 2020). Over the last 50 years, the region has seen a 16% reduction in annual 
mean precipitation (Márdero et al., 2012; Márdero et al., 2019), resulting in an overall 
decrease in aguada abundance (Reyna-Hurtado et al., 2019). More recently, the 2015 
El Niño event resulted in virtually no rain during the rainy season, disrupting aguada 
maintenance cycles in Calakmul and, affecting habitat factors and species’ 
distributions (Reyna-Hurtado et al., 2019; Slater et al., 2020). Shortage of precipitation 
persisted over the following years. 2017 saw another period of drought (Márdero et 
al., 2019) prompting aguadas to dry in many locations across Calakmul (Barão-
Nóbrega, 2019) and impacting on spatial and temporal patterns of species which 
depend on these water sources (Sánchez-Pinzón et al., 2020; Slater et al., 2020). 
The scale and complexity of current environmental problems pose serious challenges 
to conservation biology, natural resource management, and environmental protection 
(Bonney et al., 2009; Bonney et al., 2014). In the last decades, scientific and 
technological advances increasingly offer powerful tools for tackling these 
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conservation and management challenges (McKinley et al., 2017). Successful 
conservation efforts should also consider social, cultural, and political factors that 
affect natural ecosystems (e.g. Mascia et al., 2003; Balmford & Cowling, 2006). 
Effective conservation efforts should further incorporate public input and engagement 
in creating solutions (Eden, 1996; Germain et al., 2001; Steelman, 2005). Citizen 
science, although not a perfect system (Callaghan et al., 2019), is becoming 
increasingly used as a powerful approach to significantly boost the availability of data 
for research (Phillips et al., 2019; Fraisl et al., 2020). Through the implementation of 
user-friendly platforms, multiple citizen science projects have thrived in maintaining 
public interest and continuous engagement (e.g. iNaturalist community; iNaturalist, 
2019). 
This chapter aims to contribute to the current knowledge on aquatic habitats in the 
region of Calakmul by: 1) characterizing aguadas across the region through providing 
information about their general structure and water quality; 2) evaluating the effects of 
prolonged droughts on local aguada structures by monitoring water levels and 
vegetation cover between 2017 and 2019; and 3) designing a standard monitoring 
protocol for aguada surveillance by combining digital data and citizen science 














2.2 Material and Methods 
2.2.1 Surveying for aguada locations 
Aguadas within and around CBR were located based on previous information 
compiled by Mexico’s National Commission for the Knowledge and Use of Biodiversity 
– CONABIO (García-Gil, 2000), satellite imagery in Google Earth Pro (Gorelick et al., 
2017) and knowledge from local communities and authorities (National Commission 
of Protected Natural Areas – CONANP and the NGO Pronatura Peninsula Yucatan). 
Exploratory surveying to locate waterbodies were conducted over 35 days (June – 
July 2016, and August – September 2017). To ensure a representative distribution of 
survey sites, location effort was spread across all four sectors of the CBR (Core Zone 
North, Core Zone South, Buffer Zone North, Buffer Zone South) and adjacent areas 
outside the reserve (Figure 10). Survey areas were selected based on their 
geographical location and accessibility. Daylight reconnaissance surveys along survey 
sites were performed to determine feasibility, locate possible hazards and characterize 
habitats. The selection of waterbodies was further based on their relative importance 
to ongoing monitoring activities (e.g. aguadas used for crocodile surveys – Chapter 3; 
Operation Wallacea’s annual monitoring and camera-trap grid), accessibility (access 
by vehicle and by foot), importance to local communities, and landowner permission 
within and outside CBR’s buffer zones.  
Each located aguada had its location recorded and the margins at maximum flooding 
capacity tracked with a GPS unit (Garmin 64s). Data were uploaded into Google Earth 
Pro for initial spatial visualisation and preparing the base shapefiles for the creation of 
aguada polygons. At each visit, photos were taken to provide visual information on the 
general structure of waterbodies for monitoring purposes. The dataset and photos 
collected during this study was made available online (Appendix II - Figure 47; Barão-
Nóbrega, 2019) using Google’s Spreadsheet Mapper v3.2 tool (Gorelick et al., 2017). 
More comprehensive datasets, containing additional information such as GIS aguada 
polygons, GPS tracks of access routes, water quality parameters and sediment 
contamination data will be made available to the public for easy visualisation in Google 
Earth and GeoNet (https://community.esri.com/), an ESRI community platform that 




2.2.2 Aguada general structure characterization  
An initial baseline characterization of an aguada was produced during the first visit to 
the site (during the exploratory field surveying; see above). Based on general structure 
and vegetation cover, aguadas were identified as pond (maximum area < 1 hectare), 
laguna (maximum area > 1 hectare) or jaguey (artificial pond excavated by local 
communities). Surface area (m2) and maximum flooding capacity perimeter polygons 
(m) were calculated using satellite imagery in QGIS Desktop software version 3.0.2 
(QGIS Development Team, 2019). Vegetation structure was classified based on 
general appearance and species composition within the waterbody (e.g. reeds, 
bushes, floating) and further classified as swamp (if dominant plant community is 
arboreal or shrubs), marsh (if dominated by emergent/submergent herbaceous 
vegetation coupled with low water depth) or floating vegetation (Moreno-Casasola et 
al., 2012). Vegetation cover was estimated visually including desiccated aguadas and 
categorized as (1) Low (0 - 30%), (2) Moderate (30 - 60%) or (3) High (>60%). Aguada 
water level (relation between current water surface and maximum flooding capacity) 
was again estimated visually and categorized as (1) Dry, (2) Mud, (3) Drying (0-25%), 
(4) Stable (25-75%) or (5) Full (>75%). An aguada was considered Dry when upon 
inspection the soil was desiccated (Figures 11A, 11D).  
Monitoring of water level and vegetation cover was then carried out by revisiting sites 
in March (mid-dry season) and July (early-mid rainy season), 2018 and 2019. 
Depending on hydroperiod, aguadas were further classified as (1) temporary (i.e., 
dries up during dry season), (2) semi-temporary (i.e., often retains water all year 
round) or (3) permanent. 
2.2.4 Aguada water level and vegetation cover analysis  
Temporal and spatial patterns of water availability and vegetation cover across the 
region of Calakmul were separately investigated through a multi-model inference 
(MMI) on generalised linear models (GzLMs) with a Poisson error structure, including 
the interaction effect of year and zone on water level and vegetation cover (Zar, 2013; 
Slater et al., 2020) in the MuMIn package for R statistical software (R Development 
Core Team, 2019) in RStudio version 1.1.456 (RStudio Team, 2016).  
The MMI ranked all potential models using Akaike Information Criterion (AIC) values 
and measured information loss (ΔAIC) between models to determine best fit to the data 
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(Akaike, 1974). The top model set was determined by using a threshold of ΔAIC < 2 
(Burnham & Anderson, 2002; Burnham et al., 2011). Model-averaged effect sizes and 
95% confidence intervals (CI) were calculated for the top model set variables. 
Variables with 95% CI not overlapping zero were assumed to significantly affect the 
response variables water level and vegetation cover. 
2.2.5 Aguada water quality parameters 
Physical-chemical parameters, including pH, water temperature, dissolved O2, 
conductivity and salinity were measured during each visit (unless the waterbody had 
dried) with the use of the multi-parametric instruments HACH-HQ40d and HANNA HI 
98130. Water samples (2L) were collected to evaluate water quality parameters (Table 
1), following the standard guidelines of environmental health in freshwater ecosystems 
in Mexico (Chapman et al., 1996; Jiménez-Cisneros et al., 1997; Burton Jr, 2002; 
CONAGUA, 2019). After collection, water samples were frozen and transported back 
to EPOMEX Institute (Campeche, Mexico), where they were deep-frozen (-20ºC) until 
processed. Ammonium (NH4+), Cyanides (CN–), Colour, Nitrites (NO2–), Nitrates (NO3–
), Nitrogen (N), Total Phosphorous (P) and Sulphides (S2−) were analysed using 
colorimetric measurement using UV-visible spectrophotometry, following the methods 
of the Environmental Protection Agency – EPA (1997), and the corresponding Official 
Mexican Standards (NOM127-SSA1-1994).  
Superficial sediment samples (0 – 20 cm) were also collected between August and 
September 2017 in 66 aguadas for a screening study of Persistent Organic Pollutants 
(POPs) (Barão-Nóbrega et al. manuscript in preparation; Appendix IV). 
2.2.3 Setting up an aguada long-term monitoring citizen science project 
Taking advantage of the fact that smartphones are easy to acquire also for people 
living in rural areas such as Calakmul (Heimerl et al., 2015), a citizen science project 
for long-term aguada monitoring using digital data collection was designed and trailed 
using Epicollect5 (https://five.epicollect.net/, Aanensen et al., 2009; Aanensen et al., 
2014), a mobile application developed by the Centre for Genomic Pathogen 
Surveillance (https://www.pathogensurveillance.net/) in collaboration with the Big Data 
Institute (https://www.bdi.ox.ac.uk/). This software is widely used worldwide in several 




Table 1. Variables used to characterize general structure and water quality of 
waterbodies in the region of Calakmul. Minimum threshold values for water quality 
follow the Mexican governmental guidelines for aquatic fauna protection in freshwater 
environments (CONAGUA, 2019).  
Local characteristics Units 
General structure  
Classification Category 
Flooding capacity (perimeter) metres 
Hydric coverage Score (1-4) 
Dominant vegetation Category 
Vegetation cover Score (1-3) 
Water Physical parameters  
Acidity pH 
Dissolved O2 mg/L 
Conductivity mS/cm 
Salinity ppt (mg/L) 
Water quality parameters (permitted limits) 
Ammonium (0.06) mg/L 
Cyanides (0.005) mg/L 
Colour (15) units 
Nitrites (0.01) mg/L 
Nitrates (0.04) mg/L 
Nitrogen (total) (0.05) mg/L 
Phosphorous (total) (0.05) mg/L 
Sulphides (0.002) mg/L 
 
2.3 Results 
2.3.1 Aguada general structure characterization 
Twenty-four different areas across the three main zones in the region of Calakmul 
(Core, Buffer and Outside) were visited between June and July 2016 and August and 
September 2017, and a total of 85 waterbodies were identified (Figure 10). In total, 
68% of aguadas were classified as pond (area < 1 ha), 22% as laguna (area > 1 ha) 
and 10% as Jaguey (artificial ponds, Figure 11). Nine (13%) waterbodies were 
dominated by emergent vegetation, six (9%) by floating vegetation, 39 (56%) by 




Figure 10. Spatial distribution of all visited aguadas in the region of Calakmul. Each 






Figure 11. An example of a A) high vegetation cover dry pond (marsh); B) the same 
pond at full flooding capacity; C) pond covered in floating vegetation (Salvinia sp.); 
D) low vegetation cover dry pond (swamp); E) laguna close to full flooding capacity; 










2.3.2 Aguada water level and vegetation cover analyses 
The categorical value Dry was the overall modal water level across all aguada 
monitoring visits (2016-2019, Figure 12). Between survey years, the categorical value 
Stable was the modal water level in 2016, whilst Dry was the modal value in 2017-
2019. The modal water level value was Dry in the Core Zone South, Buffer Zone North 
and Buffer Zone South, and Stable in the Core Zone North, Outside North and Outside 
South. The categorical value High was the overall modal vegetation cover across all 
aguadas, with no variation between survey years (Figure 13). The modal water level 
value was High for both Core and Buffer zones, but Low and Moderate for Outside 
North and Outside South, respectively. 
To investigate the influence of survey year and zone on water level and vegetation 
cover, two GzLM model sets were investigated; the first considered the cumulative 
effects of surveyed year and zone, and the second accounted for possible interactions 
between these two variables. No significant interactions between survey year and 
surveyed zone, and no differences between model sets were observed for both water 
level (p = 0.268) and vegetation cover (p = 0.94). Water level variation was negatively 
affected by survey year (p < 0.05; Figure 14) and zone, with the lowest water level 
categorical values more often found in the southern Core and Buffer Zones (Figure 
14). Vegetation cover was largely unaffected by both survey year and zone (Figure 
15). 
 
Table 2. Models used to investigate the effect of survey year and zone on water levels 
and vegetation cover of aguada habitats in Calakmul.  
Model R2 AIC LogLike ΔAIC 
AIC 
weight 
Water level ~ Survey Year + Zone 0.23 774 -379.92 0 0.99 
Water level ~ Zone 0.16 796 -392.13 22 <0.01 
Water level ~ Survey Year 0.09 807 -401.90 33 <0.01 
Water level ~ (.) 0.00 830 -414.11 55 <0.01 
      
Vegetation Cover ~ Survey Year + Zone 0.04 765 -376.43 0 0.38 
Vegetation Cover ~ Zone 0.00 765 -381.77 0 0.32 
Vegetation Cover ~ Survey Year 0.04 766 -376.22 1 0.16 




Figure 12. Categorical hydric state of aguadas across surveyed zones and years 
within and around Calakmul Biosphere Reserve. Bars indicate number of waterbodies 
exhibiting different categories of water level Dry = Dark brown; Mud = Light brown; 
Drying (less than 25%) = Light blue; Stable (25 – 75%) = Mid blue; Full (more than 
75%) = Dark blue. 
Figure 13. Categorical vegetation cover of aguadas across surveyed zones and years 
within and around Calakmul Biosphere Reserve. Bars indicate number of waterbodies 
exhibiting different categories of vegetation cover. Low (less than 30%) = Light brown; 
Moderate (30 – 60%) = Light Green; High (more than 60%) = Dark Green. 
32 
 
Figure 14. Multi-model inference used to investigate the effect of survey year and 
zone on water levels of aguada habitats in Calakmul. Points represent averaged 
standardised effect sizes from the top model set (ΔAIC < 2), and error bars indicate ± 
95% confidence intervals. Relative importance (RI) is the proportion of models in the 
top set that include each variable.  
 
Figure 15. Multi-model inference used to investigate the effect of survey year and 
zone on vegetation cover of aguada habitats in Calakmul. Points represent averaged 
standardised effect sizes from the top model set (ΔAIC < 2), and error bars indicate ± 
95% confidence intervals. Relative importance (RI) is the proportion of models in the 
top set that include each variable. 
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Figure 16. Water chemistry parameters measured in aguadas in Calakmul Biosphere 
Reserve. Each black circle represents a water sample from an aguada. Red dashed 
line indicates the minimum threshold value listed in the Mexican governmental 









2.3.3 Water quality parameter analysis 
Physical water parameters were available for 75 waterbodies (33 in September 2017 
and 33 in March 2017 and 9 in July 2018). Equipment malfunctioned during the 
fieldwork in July 2018, and only nine aguadas could be measured during this month. 
Conductivity ranged from 0.11 to 2.44 mS (mean ± SD = 0.35 ± 0.41), salinity from 
0.06 to 0.32 ppt (mean ± SD = 0.13 ± 0.06), pH from 3.5 to 8.9 (mean ± SD = 6.6 ± 
1.0), and dissolved O2 from 0.1 to 15.8 mg/L (mean ± SD = 3.4 ± 3.6). The range of 
values of chemical parameters are showed in Figure 16. 
2.5.2 Long-term aguada monitoring 
The baseline version of a digital data collection system for aguada monitoring using 
the Epicollect5 platform was set-up in February 2018, and different versions were field-
tested in 25 aguadas in March and July 2018. The final version was presented to the 
CBR management authorities in July 2019 as the basis for a long-term citizen science 
project for aguada monitoring (Figures 17, 18), allowing information to be collected by 
park-wardens, local tour guides, field biologists and other people living or operating in 
the region using standardised data entry forms and data uploaded to a centralized 
online database. The data entry form takes under 5 minutes to complete and contains 
the following sections: 1) General Information – Q1: Geographical zone; Q2: Aguada 
location; Q3: Surveyor name; Q4: Date of visit; 2) Site location – Q1: Waterbody type; 
Q2: Surrounding forest structure; Q3: GPS coordinates (automatically obtained 
through the mobile device); 3) Hydric State – Q1: Water level; Q2: Estimated depth; 
4) Vegetation Cover – Q1: Type of dominant vegetation; Q2: Vegetation cover density; 
5) Presence of Aquatic Fauna (Crocodiles, Turtles or Fish); 6) Presence of Mammal 
Tracks; 6) Photographic Material (up to three photos of the aguada can be attached); 
7) General Comments. 
Unfortunately, I had plan to initiate the aguada monitoring using citizen science 
campaign in the summer of 2020 to capacitate local authorities and personnel in this 
digital data collection and lead the aguada monitoring efforts using citizen science, but 




Figure 17. Digital data collection project for long-term aguada monitoring in the region 
of Calakmul using Epicollect5 (https://five.epicollect.net/project/monitoreo-aguadas-
calakmul). 
Figure 18. Spatial visualisation of aguada water level data collected in 2019 across 





Aguadas constitute an important resource across Calakmul, serving as a source of 
water for local communities and providing habitats and food resources to many aquatic 
and terrestrial species, some of which are endangered (e.g. Baird’s tapir – Tapirus 
bairdii; Narrow-bridged Musk Turtle – Claudius angustatus). This chapter adds to the 
current knowledge of the general structure of aguada habitats in Calakmul, and 
demonstrates how the recent prolonged droughts severely impacted water sources 
across the region, impacting both wildlife and human communities. 
2.4.1 General structure monitoring 
The abiotic and biotic conditions that dominate the region facilitate habitat structures 
that do not occur elsewhere within the Yucatan Peninsula (García-Gil et al., 2002; 
Moreno-Casasola et al., 2012). Aguadas represent important landscape elements as 
they maintain locally humid conditions during the annual dry season and play an 
important role for wildlife occurring in the region (Reyna-Hurtado et al., 2019; Sánchez-
Pinzón et al., 2020; Slater et al., 2020).  
Drought considerably influenced water levels in aguadas across Calakmul between 
2016 and 2019, but its impact varied by zone, supporting that worsening drought 
conditions would further reduce water availability depending on the region (Slater et 
al., 2020). Although waterbodies in the northern portion of the reserve are more likely 
to desiccate when compared to the south due to their sizes and the precipitation 
gradient across the reserve (García-Gil et al., 2002), the southern Core and Buffer 
zones were worse affected. Aguada monitoring data combined with information 
gathered from informal interviews of local guides suggest that resistance to water level 
decline in a following dry season is only observed in locations that retain water or 
elevated soil moisture (i.e. mud) until the beginning of the rainy season, but not in sites 
entering the rainy season completely desiccated. These waterbodies continue to 
exhibit a temporary hydroperiod on a yearly basis even when previously classified as 
semi-temporary (García-Gil, 2000; Barão-Nóbrega, 2019) until unusually intense 
precipitation hits the region (e.g. a hurricane) and hydrologically saturates multiple 
layers of soil. This is due to the proliferation of soil cracks and the colonization of fast 
growing herbaceous and arbustive vegetation which rupture the impermeable layers 
that retain water. Cracks extend the soil – air interface deeper into the soil profile, and 
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induce water loss via evaporation (Somasundaram et al., 2018). They also facilitate 
rainwater infiltration down the soil profile, hampering the ability of the superficial layer 
of soil to act as a natural barrier retaining water on the surface (Coleman et al., 2017), 
causing rainfall intensity to no longer correlate with aguada water levels (Reyna-
Hurtado et al., 2019). 
A possible mitigation measure would involve the scything of the secondary vegetation 
and adding of water to the dry soil to create mud to which leaf-litter is added to achieve 
a re-impermeabilization of the sediment. This method is efficient (Slater et al., 2020) 
but limited to aguadas that are relatively close to a main road to allow access by a 
water truck. Potential alternative intervention methods could include the use of 
impermeable artificial lining, which have a long history of use in African game reserves 
(Smit et al., 2007) and have also have been successfully used to create and maintain 
vernal pools in the USA (Biebighauser, 2002). 
2.4.3 Water quality assessment 
The pH of the majority of natural aguadas in Calakmul was previously measured to fall 
between 6.0 and 8.5, with the lowest pH values occurring in water with high values of 
dissolved organic matter and the highest values in eutrophic waters (Chapman et al., 
1996). This range of values agrees with what was previously reported in a variety of 
aquatic systems in the northeast of the Yucatan Peninsula (cenotes, caverns, rivers, 
aguadas and wetlands; Pearse et al., 1936; Alcocer et al., 1998; Herrera-Silveira et 
al., 1998). In the present study, mean aguada pH was 6.6, supporting a tendency for 
slightly acidic conditions due to high levels of dissolved organic matter (see also 
CONAGUA, 2019). Indeed, the majority of aguadas in Calakmul are small to medium 
sized ponds (García-Gil, 2000) and form lentic ecosystems for extended periods 
(Reyna-Hurtado et al., 2010; Moreno-Casasola et al., 2012; Barão-Nóbrega, 2019). 
Observed values of dissolved oxygen averaged 3.4 mg/L, at however significant 
variation between waterbodies (minimum and maximum values of 0.1 to 15.8 mg/L, 
respectively). This variation is not surprising, as it reflects the observed variation in 
general structure between aguadas in Calakmul. Overall, lower values are associated 
with biological activity (respiration and microbial oxidation of organic matter) which 
generates chemical oxidation (Pearse et al., 1936; Alcocer et al., 1998). Higher values 
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may be explained the presence of aquatic macrophytes which increase oxygen 
concentrations (Alcocer et al., 1998). 
Coinciding with previous studies for the Yucatan Peninsula, aguadas in Calakmul 
exhibited relatively low salinity and conductivity values, which may be explained by the 
presence of dissolved CaCO3 (Alcocer et al., 1998). Indeed, most of the subtract in 
the region is mainly composed of carbonated rocky materials (García-Gil et al., 2002). 
The dissolved nutrient values obtained in the present study were compared with the 
official water quality criteria set by Mexican legislation for aquatic fauna protection in 
freshwater environments (CE-CCA-001/89; CONAGUA, 2019), and demonstrate that 
concentrations of Ammonium (NH4+), Cyanides (CN–),Nitrites (NO2–), Nitrates (NO3–), 
Nitrogen (N), Total Phosphorous (P) and Sulphides (S2−) overall exceeded the 
minimum thresholds. This regulation is generally applied to all types of waters in 
Mexico without consideration of hydrodynamic or biogeochemical differences 
(Camacho-Cruz et al., 2020), and is therefore not necessarily fully adequate to assess 
ecological quality. Nonetheless, this study shows that aguadas in Calakmul are 
generally nutrient rich, likely due to their lentic nature (Valencia Díaz, 2001; Reyna-
Hurtado et al., 2010; Moreno-Casasola et al., 2012) combined with high levels of 
recycling of vital nutrients through consumption and excretion by residing fauna (see 
also Fittkau, 1973; Rosenblatt et al., 2013). The measurements of water quality 
parameters will provide reference values for future studies that should also include 
landscape analysis to shed further light into any possible spatial patterns associated 
with, for example, dominant vegetation, surrounding forest structure, habitat 








2.4.4 Long-term aguada monitoring  
Scientific research conducted in whole or in part by people for whom science is not 
their profession is now considered mainstream, with thousands of participants 
worldwide contributing observations of the natural world to various citizen science 
projects every day (Callaghan et al., 2019). These projects are valuable for society 
and grow in scientific importance with time (Dickinson et al., 2012; McKinley et al., 
2017), as they provide educational opportunities, increase scientific knowledge, and 
collect immense amounts of biodiversity information (Flemons et al., 2007; Chandler 
et al., 2017; Soroye et al., 2018; iNaturalist, 2019). Projects employing citizen science 
and aiming at broadscale data collection fall into a continuum, from unstructured to 
structured, based on the objectives, survey design, flexibility, rigorousness, and detail 
collected about the observation process (Welvaert & Caley, 2016; Kelling et al., 2019). 
Projects with clear objectives, planned data analysis and rigorous protocols like the 
UK Butterfly Monitoring Scheme (Fox et al., 2011) are classified as structured projects. 
On the other hand, projects like iNaturalist (iNaturalist, 2019) with open and flexible 
recruitment and an overall general lack of protocols are classified as unstructured 
(Callaghan et al., 2019; Kelling et al., 2019). Regardless of the level of structure in 
data collection, citizen science projects generally aim to collect observations of a 
unique topic along with spatial and temporal data. 
Given the vast potential of citizen science monitoring schemes (Tulloch et al., 2013; 
Chandler et al., 2017), methods to decrease patchiness and increase information in 
the data are crucial (Callaghan et al., 2019). A common bias associated with citizen 
science is inter-observer skill differences, which influences data quality and validation 
and particularly affects biodiversity sampling projects (Callaghan et al., 2019; Kelling 
et al., 2019) . While the aguada surveillance scheme in Calakmul should be less 
affected by such biases, sampling strategies and protocols should be monitored 
throughout the life of such projects (Kelling et al., 2019). At this initial stage, the aguada 
monitoring project is aimed to facilitate structured data collection by personnel from 
the CBR’s reserve management team (e.g. park wardens) and other relevant 




The long-term aguada surveillance using Epicollect5 was proposed by Operation 
Wallacea in June 2020 to integrate Calakmul’s action plan for aguada monitoring and 
conservation, and became approved by the CBR’s management and environmental 
authorities. The action plan was further presented to UNESCO and IUCN during the 
annual status review meetings, where logistical details for data collection campaigns 
were further discussed. Plans for future efforts to also deploy the Epicollect5 digital 
collection tool in adjacent projected areas was also discussed, aiming to set the 
foundation for standardized data collection across the entire Selva Maya (Mexico, 
Guatemala and Belize) by 2030.  
By involving local communities across the region through field guides and elected 
community representatives (ejidal commissary), additional surveillance projects can 
be further developed on a wider scale across Calakmul. This unlocks the potential to 
provide valuable information to better understand the hydrological characteristics and 
its respective variation over time, which will help to better direct conservation efforts 
towards communities worst affected by prolonged drought periods. The long-term goal 
is to empower reserve management teams across many areas, by providing their 
personnel with the baseline working tools for future monitoring projects using digital 
collection linked to centralized databases (e.g. road-kill surveillance to identify 





Chapter 3 – N-mixture models provide informative crocodile 
(Crocodylus moreletii) abundance estimates in dynamic 
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Abstract 
Estimates of animal abundance provide essential information for population ecological 
studies. However, the recording of individuals in the field can be challenging, and 
accurate estimates require analytical techniques which account for imperfect 
detection. Here, we quantify local abundances and overall population size of Morelet’s 
crocodile (Crocodylus moreletii) in the region of Calakmul (Campeche, Mexico), 
comparing traditional approaches for crocodylians (Minimum Population Size – MPS; 
King’s Visible Fraction Method – VFM) with binomial N-mixture models based on 
Poisson, zero-inflated Poisson (ZIP) and negative binomial (NB) distributions. A total 
of 256 nocturnal spotlight surveys were conducted across 50 representative locations 
(hydrologically highly dynamic aquatic sites locally known as aguadas) over a period 
of five years (2015-2019). Population size estimates through MPS and VFM revealed 
a median of 0.4 (min – max: 0 – 67; Q1 – Q3: 0 – 3) and 0.95 (0 – 159; 0 – 8) non-
hatchling C. moreletii for each aguada, respectively. The ZIP based N-mixture model 
shown overall superior confidence over Poisson and NB, and revealed a median of 5 
± 2 individuals (min = 0; max = 116 ± 15; Q1 = 0.9 ± 0.6; Q3 = 23 ± 4) jointly with high 
detectabilities in drying aguadas with low and intermediate vegetation cover. 
Extrapolating these inferences across all waterbodies in the study area yielded in an 
estimated ~12,000 C. moreletii present, demonstrating that Calakmul is an important 
global stronghold for this species. Because covariates enable insights into population 
responses to local environmental conditions, we confirm that N-mixture models 
applied to spotlight count data result in particularly insightful estimates of crocodylian 





Measures of abundance and population size are key to understanding the ecology and 
natural history of wild animals, and form a basis for the implementation of conservation 
management plans. However, due to elusive behaviours and logistic constraints, 
researchers are usually unable to record all individual animals in a given location. 
Because detectability also interacts with for example local environmental conditions, 
precise abundance estimates based on census data alone are generally difficult to 
obtain (e.g. Sutherland, 2006; Mazerolle et al., 2007).  
An emerging approach to estimate population sizes from repeated standard count 
surveys is represented by N-mixture models, which jointly quantify a measure of 
abundance (λ) with the probability of detecting an individual (p) (Royle, 2004; Zipkin 
et al., 2014; Denes et al., 2015; Kéry & Royle, 2016). Binomial N-mixture models, for 
example, treat λ as a random independent variable generated from a statistical 
distribution to estimate p (Royle, 2004; Kéry et al., 2005). N-mixture models are 
particularly promising for wildlife studies because they have the potential to reveal 
estimates which are comparable to those obtained by more labour-intense (and often 
more invasive) capture-mark-recapture approaches, and because explanatory 
variables that may influence λ and p can be investigated in a straightforward way using 
generalized linear models (GLMs; Priol et al., 2014; Courtois et al., 2016; Ficetola et 
al., 2018). N-mixture models have already been applied to a wide range of wildlife 
species (e.g. Belant et al., 2016; Hunter et al., 2017; Romano et al., 2017; Ward et al., 
2017; Kéry, 2018; Kidwai et al., 2019; Manica et al., 2019), but are still considered as 
an emerging framework with ongoing extensions to original parameterizations (Denes 
et al., 2015; Kéry & Royle, 2016; Barker et al., 2018; Bötsch et al., 2019).  
Despite their large size, crocodylians are an example taxonomic group for which 
imperfect detection during surveys is common (e.g. Hutton & Woolhouse, 1989; Da 
Silveira et al., 2008; Balaguera-Reina et al., 2018). Historically, crocodylian population 
size estimations outside the capture-recapture framework have largely been based on 
spotlight surveys to reveal minimal counts, or accounting for visible fractions (Bayliss, 
1987; King et al., 1990; Balaguera-Reina et al., 2018). Although not yet widely used, 
N-mixture models have already been explored to investigate the influence of 
covariates on both local abundance and crocodile detection (Fujisaki et al., 2011; 
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Waddle et al., 2015; Gardner et al., 2016; Lyet et al., 2016; Mazzotti et al., 2019; 
Naveda-Rodriguez et al., 2020), but detailed comparisons with more traditional 
methods particularly in hydrologically dynamic habitats are as yet lacking. 
The Morelet’s crocodile (Crocodylus moreletii) is a medium-to-large crocodile species 
occurring in Atlantic lowlands surrounding the Gulf of Mexico (Belize, Guatemala and 
Mexico; Sigler & Gallegos, 2017). Our knowledge of the population ecology and status 
of C. moreletii has markedly increased over the last decades, and a standard 
international survey program to monitor its wild populations was developed in 2010 
(Sánchez-Herrera et al., 2011). However, only rudimentary information about this 
species is available for the southern region of the Yucatan Peninsula, an area which 
is characterized by very dynamic hydrological regimes and which harbours parts of 
the largest remaining expanse of tropical forest in Mesoamerica (Carr III, 1999; Vester 
et al., 2007). In the present study, we estimate both local abundances as well as the 
total population size of C. moreletii in this region, using a set of binomial N-mixture 
modelling approaches for comparison with more traditionally used methods. Because 
C. moreletii locally inhabits particularly unstable and heterogeneous waterbodies, the 
study area provides an excellent opportunity to probe the versatility of N-mixture 
models under highly variable levels of detectabilities.  
 
3.2 Material and Methods 
3.2.1 Study area and data collection 
Calakmul Biosphere Reserve (CBR) is located within the southern portion of the 
Yucatan Peninsula in Campeche, México (18°21.921ʹ N, 089°53.220ʹ W; Figure 19), 
and together with the adjacent state reserves Balam-Ku and Balam-Kin encompasses 
more than 1.2 million hectares of protected forest for which C. moreletii represents 
one of the main flagship species. CBR is part of the Selva Maya, which was home to 
the ancient Mayan civilization and covers 10.6 million hectares of forest across 
Mexico, Guatemala and Belize (Vester et al., 2007). Precipitation gradually increases 
from 900 mm annually in the north to 1,400 mm in the south, with significant effects 
on local forest structure and tree species composition (Martínez & Galindo-Leal, 2002; 
Vester et al., 2007). The majority of the reserve is composed of tropical semi-
deciduous forest with a canopy ranging from 15 to 40 m in height, with the northern 
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parts containing deciduous forest with canopy heights of 8 to 20 m (Chowdhury, 2006). 
The geological characteristics of the CBR result in rapid rainwater belowground runoff, 
and non-permanent as well as semi-permanent small to medium-sized waterbodies, 
locally known as aguadas, represent the only source of water during the dry season 
(García-Gil et al., 2002; Reyna-Hurtado et al., 2010; Barão-Nóbrega, 2019). The 
distribution, prevalence and morphology of aguadas across Calakmul is strongly 
influenced by annual precipitation cycles, resulting in high levels of seasonal and 
yearly variation in their general structure (hydric coverage, vegetation communities 
and cover; García-Gil et al., 2002; Barão-Nóbrega, 2019; Márdero et al., 2019).  
Candidate aguadas for C. moreletii surveys were identified using existing information 
(García-Gil, 2000), Google Earth Pro (Gorelick et al., 2017), and local knowledge by 
environmental authorities (Comisión Nacional de Áreas Naturales Protegidas - 
CONANP and Pronatura Península Yucatán), local guides and community 
representatives to define a total of 50 survey locations spread across the CBR and its 
surroundings. While accessibility by vehicles as well as landowner permissions were 
a prerequisite for field surveys, information on the presence or absence of C. moreletii 
was largely unavailable for survey site selection. Exhaustive nocturnal spotlight counts 
were performed in July (wet season) 2017 and in March (dry season) as well as July 
2018-2019 for all 50 waterbodies whenever possible, supplemented with additional 
surveys for a subset of 20 waterbodies in July 2015 and 2016. Water levels for each 
aguada were classified into Dry, Drying, Stable, or Full, and vegetation cover was 
defined as Low, Medium or High (for details see Barão-Nóbrega, 2019; Chapter 2 – 
Figure 11). Avoiding days of full moon, high winds and heavy rain, surveys were 
conducted by systematically traveling along the perimeter of the waterbody on foot or 
by paddling along the shoreline aboard a 3.5 meters aluminium boat. Individual C. 
moreletii were located by their eyeshine reflection (Sánchez-Herrera et al., 2011). If 
the waterbody was empty, the number of detected crocodiles was assumed zero. 
Crocodile hatchlings (TL < 30 cm) have high mortality rates (Grigg & Kirshner, 2015) 
and were excluded from the count data (Balaguera-Reina et al., 2018). Research 
permits for fieldwork activities in CBR were issued annually by Mexico’s Secretariat of 
Environment and Natural Resources (SEMARNAT; SGPA/DGVS/03030/17; 
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SGPA/DGVS/005403/18) and National Commission of Natural Protected Areas 
(CONANP; D-RBC-118/2017; D-RBC-030/2018; D-RBC-087/2019). 
Figure 19. Location of the Calakmul Biosphere Reserve (CBR) in southern-central 
region of the Yucatan Peninsula (Mexico). The area delimited inside the inner lines 
within the grey and dark grey areas (CBR) represent, respectively, the politically 
established buffer and core zones of the biosphere reserve. White squares represent 










3.2.2 Abundance estimation 
As abundance estimation methods which are in common use for many crocodylians 
including C. moreletii (Cedeño-Vázquez et al., 2006b; Tellez et al., 2017), I used a 
Minimum Population Size (MPS) approach as well as the King’s Visible Fraction 
Method (VFM). MPS quantifies the number of recorded individuals per spatial unit to 
obtain baseline data (Sánchez-Herrera et al., 2011). VFM makes use of repeated 
counts per site, estimating the percentage of the total population observed during a 
single count (the visible fraction) as 𝑣𝑓 =
𝑥
1.05(2𝜎+𝑥)
, where σ is the standard deviation 
and 𝑥 is the mean number of crocodiles counted across replicates at each site (King 
et al., 1990; Balaguera-Reina et al., 2018). Local absolute abundances (𝑛) at given 
waterbodies can therefore be expressed as 𝑛 =
𝑅𝐴
𝑣𝑓
, with RA being the observed local 
relative abundance.  
Aside of these traditionally applied methods, we also used binomial N-mixture models 
and explored three alternative statistical distributions: Poisson, Negative Binomial 
(NB), and Zero-Inflated Poisson (ZIP). Poisson distributions are generally applied to 
describe relative density, but have a variance which is equal to its mean and therefore 
do not conform well to under- or over-dispersed data (Denes et al., 2015). Both 
Poisson and NB distributions tend to perform poorly in the presence of a significant 
number of true zeros in the dataset (Wenger & Freeman, 2008; Joseph et al., 2009), 
whereas the ZIP distribution is generally able to better accommodate both true and 
false zeros (Denes et al., 2015). Both ZIP and NB distributions allow for over-
dispersion (Kéry & Royle, 2016; Mazzotti et al., 2019). All N-mixture models were fitted 
to the dataset using the pcount() function in the unmarked package in R (Fiske & 
Chandler, 2011; R Development Core Team, 2019), using RStudio version 1.1.456 
(RStudio Team, 2016). At first, we allowed λ to vary as a linear function of year to 
investigate the general assumption of population closure and presence of any 
temporal trend in the dataset. As no significant difference in abundance values was 
observed between years (F = 1.7; p = 0.151; Figure 20), we then assumed that λ 
remained overall constant with respect to survey year within survey locations in the 
final models. Waterbody perimeter (in metres) was used as a covariate for λ, in 
addition to a geographic specifier to account for possible spatial differences in 
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abundance within Calakmul. Waterbody hydric state (Dry, Drying, Stable, Full) and 
vegetation cover (Low, Medium, High) were used as covariates of p. Waterbody 
perimeter was scaled and centred by subtracting the mean from each value, divided 
by the standard deviation (Kéry & Royle, 2016). We discarded models that failed to 
converge, and used Akaike’s Information Criterion (AIC, Akaike, 1974) to identify the 
best models from each N-mixture approach. The predict() function in unmarked was 
used to generate plots of estimated relationships with predictors for each covariate. 
Parametric bootstrapping (1000 simulations) was conducted using the parboot() 
function (Fiske & Chandler, 2011), to calculate p-values from sums of squares (SSE), 
Pearson’s Chi-square and Freeman-Tukey fit statistics that quantified the fit of models 
to the dataset. A dispersion parameter (ĉ) was calculated as the ratio of the observed 
fit statistic to the mean of the simulated distribution (Kéry & Royle, 2016). As caution 
is often advised when using NB, even when it is greatly favoured by AIC, particularly 
when this distribution produces substantially higher estimates than Poisson and ZIP 
distributions (Kéry & Royle, 2016; Kéry, 2018), we’ve further investigated which model 
structure would provide most overall confidence in crocodile abundance estimations 
by running a residual diagnostic analysis using the plot.Nmix.resi() function available 
in the AHMbook package for R (Kéry & Royle, 2016).  
To assess the total number of C. moreletii present in the study area (?̂?), we extracted 
the total number of semi-temporary and permanent aguadas in the study area (CBR 
and surroundings) from an existing GIS-based dataset (García-Gil, 2000), and 
calculated their perimeters using QGIS Desktop software version 3.0.2 (QGIS 
Development Team, 2019). ?̂? was assessed through four local abundance estimators 
(𝑛MPS, 𝑛VFM, N-mixture NB and N-mixture ZIP). For 𝑛MPS and 𝑛VFM, the relationship 
between local C. moreletii abundance and the perimeter of each surveyed waterbody 
was determined through a GLM and extrapolated to all waterbodies. Total population 
sizes based on MPS and VFM were also calculated by solely multiplying average local 








A total of 256 surveys were conducted between 2015 and 2019 (20 surveys in July of 
both 2015 and 2016, 42 surveys in July 2017, 47 and 48 surveys in March and July 
2018, as well as 50 and 47 surveys in March and July 2019), yielding a total of 1,105 
C. moreletii records (Total waterbody perimeter = 24,980 metres; Total survey 
distance covered = 127,897 m). Crocodylus moreletii was detected at least once in 32 
of the 50 surveyed sites (64%). Counts per spotlight survey ranged between zero and 
89 (median = 0; Q1 = 0; Q3 = 2) and relative abundance per waterbody (mean number 
of individuals counted) averaged between 0 and 67 (median = 0.4; Q1 = 0; Q3 = 3). 
Across sites, 𝑣𝑓 varied between 0.16 and 0.95 (mean ± SD = 0.48 ± 0.24), with the 
resulting local population size estimates (𝑛VFM) ranging from 0 to 159 individuals 
(median = 0.95; Q1 = 0; Q3 = 8).  
Considering all possible combinations of covariates, twelve N-mixture models were 
generated for each distribution (Poisson, ZIP and NB). Overall, NB distributions 
yielded the lowest AIC values across all parameter combinations, although Poisson 
and ZIP models achieved a better agreement between both observed and expected 
data as well as between residuals and fitted values (Table 3, Figure 21). The models 
which accounted for waterbody location and perimeter on λ as well as the cumulative 
effects between co-variates on p exhibited the lowest AIC values amongst all possible 
N-mixture combinations (Table 3). Median abundance estimates for NB, ZIP and 
Poisson were 10 ± 9 (min–max = 0 – 308 ± 264; Q1 = 1 ± 1; Q3 = 31 ± 16), 5 ± 2 (min–
max = 0 – 116 ± 15; Q1 = 0.9 ± 0.6; Q3 = 23 ± 4) and 6 ± 3 (min–max = 0 – 123 ± 13; 
Q1 = 0.9 ± 0.6; Q3 = 26 ± 4) individuals per waterbody, respectively. Taken together, 
we considered that N-mixture ZIP provided superior model confidence over the 
Poisson and NB models, as particularly the latter showed poor residual diagnostic 
performance and yielded unrealistically high abundance estimates with wide-ranging 
confidence intervals, in comparison to the other two (Figure 22). Based on the N-
mixture ZIP model, the highest probabilities of detection (p = 0.70) were observed in 
Drying waterbodies with Low to Moderate vegetation cover, whereas low detectability 
was associated with High vegetation cover (p < 0.25, Figure 23). Bootstrap p-values 
for the best-fit N-mixture ZIP model based on SSE, Freeman-Tukey, and Chi-square 
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statistics were 0.14, 0.01 and 0.20 (Figure 24), respectively, at evidence for over-
dispersion (ĉ = 2.70). 
The relationships between waterbody perimeter and local abundance estimates (𝑛MPS, 
𝑛VFM, N-mixture NB and N-mixture ZIP) were used to provide an estimate for the total 
number of non-hatchling C. moreletii in the study area (Table 4). Analyses of the GIS-
based dataset revealed a total of 1,663 aguadas, which had a median perimeter of 
139 (min = 40 m; max = 3639 m; Q1 = 98 m; Q3 = 207 m; Figure 25). Based on these 
numbers, MPSGLM defined a minimum C. moreletii population size of 4,273 non-
hatchling individuals, which is considerably lower than the values obtained by 
approaches which take detectability into account (Table 4). The N-mixture ZIP model 
revealed a total population size of 11,681 crocodiles, which was slightly below the 
value obtained by VFMGLM (12,177 crocodiles). The highest population size estimate 
of 15,184 individuals was produced by VFM without taking waterbody perimeter into 
account. 
Figure 20. Variation in local Crocodylus moreletii abundances in Calakmul in relation to survey 
year. Local abundances were estimated through binomial N-mixture modelling approach, and 
five summary statistics are visualised (the median, two hinges and two whiskers). Lower and 
upper hinges correspond to the first and third quartiles, whilst the whiskers extend from the 
hinge to the largest value no further than 1.5 * IQR (inter-quartile range, or distance between 




















Figure 21. Residual diagnostics for the three N-mixture models fitted to the 
Crocodylus moreletii spotlight count dataset. Left hand side figures represent Poisson, 
NB and ZIP N-mixture fitted values vs observed crocodile counts, where the black line 
shows a 1:1 relationship and the blue line is the linear regression line of best fit. Right 
hand side figures represent residuals vs fitted values (blackline denotes a zero 
residual and the blue line is the linear regression line). 
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Table 3. Abundance estimation models of Crocodylus moreletii abundance in 
Calakmul using three different N-mixture model approaches (Poisson, Negative 
Binomial - NB and Zero Inflated Poisson - ZIP), with different combinations of 
waterbody perimeter as covariate of abundance (λ) and vegetation cover (Low, 
Moderate, High) and water level (Dry, Drying, Stable, Full) as categorical (ordinal) co-
variables of detection (p).  
Model Structure Model covariates AIC LogLike ΔAIC AIC weight 
Poisson p (water + veg), λ (per + region) 748 493 0 0.99 
 p (water + veg), λ (region) 776 515 27 < 0.01 
 p (water * veg), λ (perimeter) 1056 528 307 < 0.01 
 p (water + veg), λ (perimeter) 1082 544 333 < 0.01 
 p (water), λ (perimeter) 1185 592 436 < 0.01 
 p (veg), λ (perimeter) 1388 710 639 < 0.01 
 p (water * veg), λ (.) 1457 717 709 < 0.01 
 p (water + veg), λ (.) 1481 729 732 < 0.01 
 p (water), λ (.) 1668 813 919 < 0.01 
 p (.), λ (perimeter) 1709 885 960 < 0.01 
 p (veg), λ (.) 1892 940 1143 < 0.01 
 p (.), λ (.) 2401 1197 1652 < 0.01 
NB p (water * veg), λ (perimeter) 629 248 0 0.45 
 p (water + veg), λ (perimeter + region) 630 299 1 0.27 
 p (water * veg), λ (.) 631 297 2 0.18 
 p (water + veg), λ (region) 632 310 3 0.11 
 p (water + veg), λ (perimeter) 645 315 16 < 0.01 
 p (water + veg), λ (.) 650 315 21 < 0.01 
 p (water), λ (perimeter) 673 318 44 < 0.01 
 p (water), λ (.) 681 319 52 < 0.01 
 p (veg), λ (perimeter) 862 391 233 < 0.01 
 p (veg), λ (.) 868 394 239 < 0.01 
 p (.), λ (perimeter) 107 452 448 < 0.01 
 p (.), λ (.) 1087 457 457 < 0.01 
ZIP p (water + veg), λ (perimeter + region) 740 403 0 0.99 
 p (water + veg), λ (region) 770 412 29 < 0.01 
 p (water * veg), λ (perimeter) 882 417 142 < 0.01 
 p (water + veg), λ (perimeter) 902 424 162 < 0.01 
 p (water), λ (perimeter) 969 438 229 < 0.01 
 p (water * veg), λ (.) 1137 438 397 < 0.01 
 p (water + veg), λ (.) 1156 568 415 < 0.01 
 p (veg), λ (perimeter) 1175 580 435 < 0.01 
 p (water), λ (.) 1274 630 534 < 0.01 
 p (.), λ (perimeter) 1469 716 728 < 0.01 
 p (veg), λ (.) 1526 756 785 < 0.01 





Figure 22. Generalized linear models between local Crocodylus moreletii abundance and 
waterbody perimeter in the region of Calakmul. Open circles represent all baseline 
crocodile count values (i.e. number crocodiles observed during the survey). In the 
uppermost figure (A), black lines represent fitted values from estimations through King’s 
visible fraction method and Minimum population size using only baseline count data, and 
dark blue lines represent fitted values from binomial N-mixture modelling using a Poisson, 
Negative Binomial and a Zero Inflated Poisson approach. In the bottom figures (B), dashed 






Figure 23. Crocodylus moreletii detection probability estimations in function of water 
level and vegetation cover inside the waterbody calculated through Zero Inflated 











Figure 24. Graphical assessment of model fit by parametric bootstrapping of the N-
mixture modelling approaches. The dashed line is the observed statistic. The 
histogram approximates the expected sampling distribution. 
Figure 25. Perimeter distribution of the 1663 semi-temporary and permanent 
waterbodies across the region of Calakmul (Campeche, Mexico). Data extracted from 
a GIS hydrological dataset published for this region (García-Gil, 2000). Dashed lines 
represent the median (red) and mean (blue) waterbody perimeter values. 
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Table 4. Estimates of total population size of Crocodylus moreletii occurring in the 
region of Calakmul based on five different estimation approaches. MPS – crocodile 
count data alone (without considering detection probability); VFM – King’s visible 
fraction method; MPSGLM – Generalized linear model considering the relation between 
MPS and waterbody perimeter; VFMGLM – Generalized linear model considering the 
relation between VFM and waterbody perimeter; ZIP – Zero Inflated Poisson N-mixture 
approach. Range inside parentheses represent the lower and upper prediction range 
within a 95% confidence for total abundance of crocodiles in Calakmul. 
Approach Total population size 
MPS  9,941 (6,651 – 13,230) 
VFM  15,184 (14,014 – 16,355) 
MPSGLM  4,273 (4,112 – 4,440) 
VFMGLM 12,177 (11,543 – 12,846) 




Allowing for the separate estimation of abundance and detection probabilities from 
replicated counts of unmarked individuals (Zipkin et al., 2014; e.g. Kéry & Royle, 
2016), N-mixture models have in recent years become applied to taxa ranging from 
mosquitoes to megafaunal mammals (Kidwai et al., 2019; Manica et al., 2019). In the 
present study, we applied a set of such models to multi-year and multi-site data for the 
Morelet’s crocodile C. moreletii in southern Yucatan, where it inhabits particularly 
dynamic waterbodies and serves as an important flagship species for a large expanse 
of protected forest. We reveal that Calakmul represents a global C. moreletii 
stronghold and show that N-mixture models offer a flexible approach for abundance 
estimates when ecological conditions cause wide variations in detectability. 
Count data are often used as a proxy for true abundance, but require the implicit 
assumption that the relationship between observed counts and actual population sizes 
remains constant (e.g. Kéry et al., 2005). For crocodylians, count data may indeed 
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serve as abundance surrogates to capture population temporal and spatial trends 
related with for example habitat structure or human induced changes to the 
environment, but only when conditions during multiple surveys allow for the recording 
of similar proportions of individuals (Bayliss, 1987; Platt & Thorbjarnarson, 2000). As 
this was likely not the case in our study, we assumed that local crocodile abundances 
remained overall constant and did not allow λ to vary with respect to survey year, water 
level and vegetation cover, due to the more evident effect on these variables on the 
observational process rather than on local abundance (Figure 23). In Calakmul, 
decreasing water availability caused by disruptions in the timing and intensity of 
precipitation resulted in marked shifts in water level and vegetation cover of aguadas 
across the study period (Barão-Nóbrega, 2019; Márdero et al., 2019; Reyna-Hurtado 
et al., 2019). Under such conditions, the observer’s ability to detect individuals will 
widely vary both temporally as well as spatially, requiring the effects of environmental 
conditions to be taken into account for obtaining accurate estimates (see also Fujisaki 
et al., 2011).  
Given that the majority of C. moreletii habitat across its range is represented by rivers 
and lakes where spotlight searches are conducted over larger areas than in the case 
of our more confined aguadas (Cedeño-Vázquez et al., 2006b; Sánchez-Herrera et 
al., 2011; Tellez et al., 2017), we argue that our surveys provide particularly accurate 
information. The non-linear rise in abundances with increasing size of aguadas for the 
MPS, VFM and N-mixture ZIP curves is likely linked to larger waterbodies representing 
more hydrologically stable environments, therefore supporting higher relative numbers 
of reproductive individuals. Small to medium sized aguadas are generally more prone 
to desiccation (Barão-Nóbrega, 2019), and are often inhabited by only 1-2 adult C. 
moreletii which might not locally reproduce. It also needs to be borne in mind that the 
relationship between waterbody surface and volume with perimeter, while depending 
on the overall shape, is non-linear in general. Given that detection rates are not 
accounted for, the low abundance values for the MPS approach are not surprising. 
The VFM and the N-mixture ZIP model, on the other hand, consider detectability and 
reveal remarkably converging abundances for waterbodies below 1200 metres in 
perimeter, a size class which accounts for 98% of aguadas in the study area (García-
Gil et al., 2002; Barão-Nóbrega, 2019). The lower abundance estimates as predicted 
by the N-mixture ZIP model for larger sites, where relative variation around mean 
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counts for repeated surveys are low, suggests that this model generally assumes 
higher detectabilities under such scenarios; that surface area is related to encounter 
rates for crocodylians has been previously documented (e.g. Da Silveira et al., 2008; 
Fujisaki et al., 2011).  
N-mixture models yield unbiased estimates of abundance and detectability in 
simulated datasets of closed populations (Royle, 2004; Kéry & Royle, 2016), but 
benchmarks to assess the performance of N-mixture models from field data are 
difficult to obtain (Kéry et al., 2005). A particular feature of our dataset is a wide range 
of count values across sites, with zero detections being a common occurrence (no C. 
moreletii were recorded for about 40% of aguadas, and approximately 60% of all 
surveys yielded in no counts). This likely led to the limited fit of our data to assumptions 
of specific distributions, which is a common problem in count data (Lee & Nelder, 2000; 
Ver Hoef & Boveng, 2007; Kéry & Royle, 2016). Estimates of local abundances in 
Drying aguadas were also possibly slightly biased downward, as such situations can 
lead to temporary emigration or hiding behaviour in dens and burrows within or in the 
vicinity of waterbodies (Platt, 2000; Barão-Nóbrega et al., 2016b). That the geographic 
specifier significantly improved the performance of our models however also suggests 
a high degree of philopatry, supporting the assumption of closed populations; low 
levels of dispersal are also evidenced by genetic data on the relatedness structure 
within and between aguadas (Barão-Nóbrega et al., unpublished). A particular 
strength of the N-mixture models was their ability to directly relate detectability with 
ecological parameters. While our findings confirm existing studies on the general 
nature of such relationships (Montague, 1983; Wood et al., 1985; Bayliss et al., 1986; 
Cherkiss et al., 2006; Da Silveira et al., 2008; Fujisaki et al., 2011), they enabled an 
accurate quantification for the estimation and interpretation of C. moreletii abundances 
specifically for our study setting. 
The comparison between the three binomial N-mixture models suggested that the ZIP 
distribution provided best confidence overall. The NB model overall exhibited lower 
AIC values, but performed poorly during the residual diagnostic analysis and revealed 
excessively large confidence intervals which are likely linked to model unidentifiability 
(the “good fit/bad prediction dilemma”; see Joseph et al., 2009; Dennis et al., 2015; 
Kéry & Royle, 2016; Kéry, 2018 for detailed discussion on this topic). It also resulted 
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in abundance estimates which appeared unrealistically high, linked to low projected 
detection probabilities related to water level and vegetation cover (see also Mazzotti 
et al., 2019 for a similar finding on the closely related Crocodylus acutus). Hierarchical 
modelling of abundance from unmarked individuals using N-mixture models will 
remain a rich ground for both theoretical and applied investigations also in the future 
(Kéry & Royle, 2016; Kéry, 2018; Bötsch et al., 2019). 
Extrapolating our abundance data across Calakmul requires that the surveyed 
aguadas are unbiased representatives for the entire area. While a randomization 
process for site selection was not possible due to logistic constraints (landowner 
permission and site accessibility), we did not take previous information on the 
presence or absence of C. moreletii into account, and based our inferences on a large 
sample size of sites. Comparing our overall population sizes derived for Calakmul with 
country-wide estimates for C. moreletii numbers (largely based on the MPS approach, 
the total population size in Mexico has been estimated at 78,157 – 104,815 individuals; 
Álvarez, 2005; Rivera-Téllez et al., 2017), reveals that our study area represents a 
significant stronghold for the study species (Figure 26). The importance of Calakmul 
for C. moreletii is further reinforced by the finding that it still harbours genetically pure 
individuals, whereas genetic pollution through increased hybridization with the 
American crocodile C. acutus is common across other parts of its range (Chapter 4; 










Figure 26. Map of potential C. moreletii distribution in Mexico generated by CONABIO 
(Comisión Nacional para el Conocimiento y Uso de la Biodiversidad). Blue layers 
represent the major riverine and lacustrine hydrological systems of Mexico, and 
therefore the potential habitat for the species. Shades of green represent the modelled 











3.5 Final Considerations 
Long-term monitoring data using landscape-level systematic surveys provide useful 
information to describe spatial and temporal patterns of relative density in crocodylians 
(Fujisaki et al., 2011; Waddle et al., 2015). This study constitutes the first population 
size estimates for the south-central region of the Yucatan Peninsula, and reveals a 
healthy population of C. moreletii, likely involving multiple active reproduction areas 
across the region. Because covariates enable insights into population responses to 
local environmental conditions, we confirm that N-mixture models applied to spotlight 
count data result in particularly insightful estimates of crocodylian detection and 
abundance. Future studies could expand the existing field surveys and N-mixture 
models to investigate whether further factors such as annual precipitation, water 
quality, surrounding forest structure, human activity and reproductive activities 
account for local presence and abundance. On a larger scale, we also recommend the 
use of N-mixture approaches to analyse existing and future C. moreletii spotlight count 
data collected across its range (Álvarez, 2005; Sánchez-Herrera et al., 2011; Rivera-
Téllez et al., 2017), to provide more accurate baseline information for future 




Chapter 4 – Screening for evidence of hybridization and assessing 
genetic structure of Morelet’s crocodile (Crocodylus moreletii) 
across the region of Calakmul (Campeche, Mexico) using Next 
Generation Sequencing (dd-RADseq) 
Unpublished data and information  
4.1 Introduction 
The foundation for species’ evolutionary flexibility and adaptation capabilities when 
exposed to environmental change relies on genetic variation. When compared with 
large populations inhabiting zones of high genetic connectivity, small and isolated 
populations are especially susceptible to genetic drift, and have a tendency to reduce 
genetic variability over time through erosive processes (Slatkin, 1987, 2017). 
Furthermore, they are susceptible to deleterious effects caused by inbreeding, which 
result in a decrease of individual heterozygosity (Amos & Balmford, 2001). Naturally 
fragmented populations of sexually reproducing species may possess adaptations to 
avoid inbreeding, such as some level of kin recognition, delayed maturation and sex-
biased dispersal (Pusey & Wolf, 1996). Gene flow among fragmented populations 
often depends on geographical distance and resistance of a given landscape to 
dispersal (Ricketts, 2001; Revilla et al., 2004). Connectivity amongst occupied sites in 
metapopulations requires occasional dispersal between sub-populations (Hanski, 
1998; Nelson-Tunley et al., 2016). Analysis of genetic structure within a region can 
reveal the degree of population isolation (Hedrick, 2005) and the rate of successful 
migrations between locations (Slatkin, 1987). 
Over the last two decades, advances in Next Generation Sequencing (NGS) 
techniques have enabled parallel sequencing of millions of DNA molecules in single 
studies, allowing the use of thousands of Single Nucleotide Polymorphisms (SNPs) as 
powerful molecular markers for ecological and evolutionary studies (Metzker, 2010; 
Elshire et al., 2011). SNPs are single base pair positions along a sequence at which 
the nucleotide present can vary between individuals in a population, with the least 
common variant existing in at least 1% of individuals as a common threshold (Brookes, 
1999). Restriction site-associated DNA sequencing (RADseq) combines NGS 
technology with the use of restriction enzymes and has become a molecular tool to 
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characterise thousands of genetic markers across large numbers of individuals in non-
model organisms at reasonable costs (Davey & Blaxter, 2011; Andrews et al., 2016). 
Our knowledge about population genetic processes in crocodylian species has 
increased significantly over the last decades (e.g. Densmore III & Glenn, 2008; 
Meredith et al., 2011; Grigg & Kirshner, 2015), allowing a better understanding of their 
natural history, phylogeography, population structures, gene flow patterns, as well as 
introgression and hybridization with other species. The use of microsatellite markers 
in crocodylian conservation studies gradually increased from the late 1990s to the 
early and mid-2000s (Glenn et al., 1996; Vashistha et al., 2020), and has often been 
used together with mitochondrial DNA markers to reveal the genetic structure of 
populations (e.g. Fitzsimmons et al., 2002; Villela et al., 2008; Velo-Antón et al., 2014; 
Pacheco-Sierra et al., 2016; Roberto et al., 2020). The power of RADseq approaches 
is increasingly being applied to generate SNP datasets to investigate questions 
relevant for crocodylian conservation programs, such as the identification of 
evolutionary lineages, hybridization between species, population structure and genetic 
diversity (Muniz et al., 2018; Nguyen et al., 2018; Pacheco-Sierra et al., 2018; Cao et 
al., 2020). 
Although hybridization is considered a potential threat to populations of endangered 
crocodylians (e.g. Milian-Garcia et al., 2016), information on its incidence, 
geographical extent and driving factors among wild crocodylians is still limited. 
Hybridization between the American crocodile (Crocodylus acutus) and the Morelet’s 
crocodile (C. moreletii) has been reported in coastal regions of sympatry between both 
species in Mexico (e.g. Cedeño-Vázquez et al., 2008; González-Trujillo et al., 2012; 
Serrano-Gomez et al., 2016), and at inland sites outside the distribution range of C. 
acutus in Belize (Ray et al., 2004; Hekkala et al., 2015) and Mexico (Pacheco-Sierra 
et al., 2016), including remote locations up to 450 km from the coastline. Populations 
routinely identified as C. moreletii are very likely to be admixed (i.e. of hybrid origin), 
and the IUCN conservation status and CITES classification of C. moreletii may 
therefore need to be revised (Pacheco-Sierra et al., 2018). Admixture in the North of 
the Yucatan Peninsula can be traced back to 2-3 million years ago, and pure C. 
moreletii populations might currently only occur in “islands” in Northern Mexico, 
sheltered from hybridization due to their remoteness and reduced connectivity 
(Pacheco-Sierra et al., 2016; Pacheco-Sierra et al., 2018). 
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Relatedness patterns in wild populations constitute valuable information to many areas 
of research in conservation, population genetics, behavioural ecology and evolution 
(Allendorf & Luikart, 2007; Wang, 2011; Pew et al., 2015). Understanding mating 
systems and identifying patterns of relatedness based on fieldwork alone is often 
difficult, and molecular methods are regularly used to investigate relationships 
amongst individuals within a population (Blouin et al., 1996; Archie et al., 2006).For 
example, interpretations of behavioural patterns and social structure often become 
clearer when information on relatedness and the framework of inclusive fitness are 
considered (Emlen, 1995; Bourke, 2011). More generally, genetic marker-based 
relatedness has been increasingly used in wildlife studies to, amongst others, estimate 
heritability (e.g. Ritland, 2000; Visscher et al., 2006), investigate spatial structure and 
isolation by distance (e.g. Hardy & Vekemans, 2002; Vekemans & Hardy, 2004), 
examine social structures and kin selection (Girman et al., 1997; Peters et al., 1999), 
infer sex-based migration (e.g. Piertney et al., 1998; Knight et al., 1999), and estimate 
population sizes (e.g. Nomura, 2008).  
Mating systems can generally be classified as monogamous, polygamous by polygyny 
(one male mating with more than one females) or polyandry (one female mating with 
more than one males), and promiscuous (when males and females mate with multiple 
individuals; Emlen & Oring, 1977; Nunney, 1993). Crocodylians have traditionally been 
linked to a polygynous mating system (Grigg & Kirshner, 2015), although molecular 
studies further revealed multiple paternity in egg clutches of many alligatorid (Davis et 
al., 2001; Amavet et al., 2008; Hu & Wu, 2010; Muniz et al., 2011; Oliveira et al., 2014) 
and crocodile species (McVay et al., 2008; Lewis et al., 2013; Budd et al., 2015; Milian-
Garcia et al., 2016). Multiple paternity is considered ubiquitous in reptiles (Uller & 
Olsson, 2008), with multiple males contributing to a single clutch of offspring potentially 
increasing effective population sizes (Ne) and therefore maintaining genetic diversity 
within a population (Sugg & Chesser, 1994). 
The Yucatan Peninsula is one of the most recognizable parts of Mexico, and known 
as one of the areas that supported the Mayan civilization (Sharer, 1998; González-
Sánchez et al., 2017). In the region of Calakmul (southern Campeche, Mexico), due 
to the geological characteristics that cause rapid filtration of the rain (García-Gil et al., 
2002), aquatic habitat occurs in the form of semi-temporary natural ponds (aguadas) 
sustained by rainfall during the majority of the year. The shape and size of these 
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waterbodies vary seasonally in response to fluctuations in annual precipitation. 
Aguadas represent the only local source of standing surface water during most of the 
year (Reyna-Hurtado et al., 2010; Barão-Nóbrega, 2019), occurring at relatively low 
densities across the region (on average less than one non-dry waterbody per 535 
hectares, García-Gil, 2000; Delgado-Martínez & Mendoza, 2020). 
Calakmul is at higher elevation than the surrounding parts of the Yucatan Peninsula 
(Figure 30), and contains a largely unconnected above-ground hydrological network 
suitable for C. moreletii (García-Gil et al., 2002; Gunn et al., 2002). Limiting dispersal 
and gene flow could likely lead to pronounced genetic structure in C. moreletii across 
the region. Moreover, although C. moreletii populations genotyped along more coastal 
regions in the Yucatan Peninsula are mainly composed of admixed individuals 
(Pacheco-Sierra et al., 2018), natural geographical restrictions to crocodile movement 
within and into Calakmul suggest that it may be the only region in the Mexican Yucatan 
Peninsula to still harbour genetically pure C. moreletii (without admixture with C. 
acutus), as non-admixed populations have only been reported to occur in isolated 
locations (Pacheco-Sierra et al., 2016; Pacheco-Sierra et al., 2018). 
Although non-admixed individuals of C. moreletii and C. acutus have morphological 
features that differentiate them (e.g. head morphology, caudal scalation; Figures 27, 
28), hybrid individuals are not always morphologically discernible in the field as they 
exhibit a complex mosaic of characters, particularly in sympatric zones (Cedeño-
Vázquez et al., 2008; Pacheco-Sierra et al., 2016). Although illustrative guides for 
morphological identification of C. moreletii and possible hybrids have been attempted 
(e.g. see Sánchez-Herrera et al., 2011), field identification can be unreliable when 
dealing with admixed individuals because nearly all possible combinations of 
morphological traits can be obtained. As the phenotype of hybrid individuals likely 
depends on the level of introgression, cryptic hybrids (resembling one of the parental 
species phenotypically but not genotypically) can be mistaken for non-admixed 
individuals (Pacheco-Sierra et al., 2016, and references therein). Individuals from 
Calakmul do not seem to exhibit any morphological characteristics usually associated 
with C. acutus (Barão-Nóbrega, unpublished data). However, admixture is not always 
apparent from morphological observations alone, particularly after several generations 




This study uses SNPs generated through a double-digest RADseq approach (dd-
RADseq) to investigate the population structure of C. moreletii within the region of 
Calakmul. The hypotheses explored in this chapter are that (1) Calakmul harbours 
largely non-admixed C. moreletii individuals; (2) reduced gene flow has led to distinct 
spatial genetic differentiation of C. moreletii across Calakmul; and (3) population 
structure is linked to extended family networks (i.e. each locality will be inhabited by 
closely related individuals).  
4.2 Material and Methods 
4.2.1 Sample collection 
Fieldwork was conducted between 2017 and 2018 in 18 waterbodies across six 
regions where they are within 20 km from each other (Figure 29). In total, 85 crocodiles 
(Table 6) were captured at night with a pole with a break-away noose and physically 
restrained using a pole-snare (Ketch-All Animal Restraining Pole), ropes and tapes 
(following Sánchez-Herrera et al., 2011). Captured crocodiles were marked by 
removal of an individual combination of up to three vertical tail scutes (Sánchez-
Herrera et al., 2011; Barão-Nóbrega et al., 2016b). All procedures were performed on 
site, and individuals were released within a maximum period of 30 minutes after 
capture. Tail scutes were stored in Eppendorf tubes with 96% ethanol until processed. 
All field activities were performed in compliance with the guidelines for use of live 
amphibians and reptiles in field and laboratory research (Beaupre et al., 2004).  
Additional blood and tissue samples from previously described non-admixed parental 
populations (Pacheco-Sierra et al., 2016; Pacheco-Sierra et al., 2018) of C. acutus 
(Banco Chinchorro and Cozumel islands, Quintana Roo – four tissue samples) and C. 
moreletii (Cienega de Cabezas, San Luís Potosi – four blood samples; Laguna Las 
Ilusiones – three tissue samples) were acquired to be sequenced in conjunction with 
the samples from Calakmul (Figure 29). Despite multiple extraction attempts no 
genetic material was successfully obtained from one C. acutus and all seven C. 
moreletii samples (probably a result of DNA degradation). Therefore, samples from C. 
moreletii crocodiles captured in the region of Altamira (Tamaulipas, Mexico) 
approximately 140 km from the reported non-admixed population were used as 
replacement reference samples, despite the likelihood of admixture in this location 
(Pacheco-Sierra et al., 2016).  
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Figure 27. Lateral and dorsal views of the head in Crocodylus acutus (A) and 
Crocodylus moreletii (B), highlighting the proportion between cranial length and width, 
the pre-orbital protuberance (more evident in C. acutus) and also the different pattern 
and number of nuchal osteoderms. Adapted from Sánchez-Herrera et al. (2011). 
Figure 28. Side and ventral views of caudal scalation in the proximal end of tail of 
Crocodylus acutus (A) and Crocodylus moreletii (B). All around symmetrical 
appearance in rows of scales can be observed in C. acutus, but not in C. moreletii, 
where irregularly shaped scale group intrusions are present. Adapted from Cedeño-




Figure 29. Six main collection regions within Calakmul (black stars), and origin of 
reference samples obtained from non-admixed populations of Crocodylus acutus 
(white triangles) and Crocodylus moreletii (black triangle) within Mexico (Pacheco-
Sierra et al., 2018). The grey triangles represent back-up samples obtained from areas 
(Altamira, Tamaulipas; Laguna Ilusiones, Tabasco) verified to have significant 
incidence of admixture amongst individuals (Pacheco-Sierra et al., 2018). White 
circles in the highlighted section indicate waterbodies within each region of Calakmul 






















Figure 30. Elevation profile of the southern portion of the Mexican Yucatan Peninsula 
and location of the six regions in Calakmul where Crocodylus moreletii samples were 
obtained. Gray stars indicate closest localities where admixed individuals have been 
reported (Pacheco-Sierra et al., 2016; Pacheco-Sierra et al., 2018). Map adapted from 
http://topographic-map.com/maps/tfba/Calakmul/. 
 
4.2.2 Double digest RAD Sequencing (dd-RADseq) 
Laboratory work was conducted in September 2018 at the Aquatic Ecology and 
Systematics Department of El Colegio de la Frontera Sur (ECOSUR) in Chetumal, 
Mexico. Genomic DNA was isolated and purified from approximately 20 mg of tissue 
from tail scutes with the use of DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, 
USA) following the manufacturer’s protocol. DNA concentration was assessed using 
a microvolume spectrophotometer (Eppendorf™) and normalised to approximately 20 
ng/uL. To verify standardised concentration, and to ensure that the extracted DNA was 
of high molecular weight and free of contaminants and degradation, every sample was 
visualised on a 1.5% agarose gel (Figure 31). High quality DNA of 95 samples was 
sent to Floragenex (OR, USA) for genotyping by sequencing library construction (GBS, 
Elshire et al., 2011) and sequencing, following the protocol of Truong et al. (2012). 
The complexity of genomic DNA was reduced by double-digesting with a combination 
of rare and frequent cutting endonucleases (PstI and MseI, respectively), followed by 
ligation with Floragenex adaptors with individual indexes. 1x100bp single end 
sequencing was performed on the resulting PCR-generated library using an Illumina 









Figure 31. Example of a 1.5% agarose gel electrophoresis run on crocodile DNA 
extracted from caudal vertical scutes. 
4.2.3 SNP discovery and genotyping using STACKS 
Returned raw sequences were demultiplexed and processed using the software 
STACKS 2.0 (Catchen et al., 2013), following the protocol described by Rochette and 
Catchen (2017). Sequences were checked for correct restriction sites and adaptor 
sequences using the process_radtags pipeline. Reads with an uncalled base were 
discarded, as were reads containing a 15 bp window in which the average quality 
dropped below a Phred score of 10 (i.e. a 90% probability of being correct). Barcodes 
and RAD-tags containing 1 mismatch to an expected sequence were retained. 
In the absence of reference genomes for C. moreletii or C. acutus, the whole genome 
sequence (WGS) of Crocodylous porosus (Green et al., 2014) was obtained from 
Ensembl (https://www.ensembl.org/Crocodylus_porosus/Info/Index; see also 
Pacheco-Sierra et al., 2018) for single nucleotide polymorphism (SNP) discovery and 
genotyping in the software STACKS 2.0 (Rochette et al., 2019). Two reference-aligned 
assemblies were produced by mapping the clean demultiplexed sequences against 
the C. porosus genome using BWA-MEM (Li & Durbin, 2009) and GSNAP (Wu et al., 
2016). The best reference-aligned assembly (GSNAP) was then analysed using the 
ref_map pipeline in STACKS 2.0 (Rochette et al., 2019). The procedures developed 
by Paris et al. (2017) and further elaborated by Rochette and Catchen (2017) were 
followed to identify the optimal set of parameters. Firstly, to enable efficient testing of 
parameter values, a subset of samples representing different geographical regions 
was selected. This consisted of three to six representatives of each sampling area (40 
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individuals in total). The ref_map pipeline was then run with varying parameter values 
while measuring the number of polymorphic loci found across at least 80% of all 
samples (the r80 loci, Paris et al., 2017) to identify a stable set of values. Prior to 
exporting the genotype calls from STACKS for downstream analyses, the dataset was 
further filtered using the populations pipeline. In addition to only retaining the r80 loci, 
loci with a minor allele frequency below 0.05, an observed heterozygosity above 0.70 
and absent in at least one of the eight crocodile sample groups (C. acutus and C. 
moreletii reference samples plus all six C. moreletii populations, i.e. geographical 
regions, in Calakmul) were removed. Called variants were exported into variant call 
format (VCF), and STRUCTURE and haplotype format through the populations 
pipeline to generate suitable datasets for different population genetic analysis.  
4.2.4 Identifying mitochondrial reads 
As the reference-aligned assembly does not include the mitochondrial genome, 
mitochondrial reads were identified by separately mapping the clean demultiplexed 
reads against both the mitochondrial genomes of C. acutus (NCBI Reference 
Sequence: NC_015647.1; Man et al., 2011) and C. moreletii (NCBI Reference 
Sequence: NC_015235.1; Meganathan et al., 2011). Mapped reads were sorted and 
indexed using SAMTOOLS v.1.4 (Li et al., 2009). The software IGV (Robinson et al., 
2011) was used to visually assess where the reads map against the C. moreletii and 
C. acutus mitochondrial genomes, and four regions where all crocodile samples had 
mapped reads were identified in both cases (following Barth et al., 2020). As these 
four identified regions were detected on the mitochondrial genomes of both species, 
the decision was made to continue with the use of reads mapped against C. acutus. 
Sequences from all samples mapped to these four regions were extracted and 
converted to FASTA format using SAMTOOLS, BCFTOOLS v.1.6 (Li, 2011), and 
SEQTK v.1.0 (https://github.com/lh3/seqtk). Sequences corresponding to the regions 
2278-2872, 5836-5930, 8392-8485 and 9528-9622 of the C. acutus mitochondrial 
genome were aligned with default settings in MAFFT v.7.397 (Katoh & Standley, 
2013), and the software TASSEL v.5.0 (Bradbury et al., 2007) was used to visually 
assess the mapped sequences across all samples (Figure 32). All four mapped 
regions were further aligned against other mitochondrial isolates and partially 
sequenced genomes of C. acutus (GenBank References: JF502241.1; JF315769.1, 
JF315757.1, JF315747.1, JF315714.1, HM636894.1, JF315729.1; Meredith et al., 
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2011; Oaks, 2011) and C. moreletii (GenBank References: JF315768.1, JF315752.1; 
HQ585889.1; Meganathan et al., 2011; Oaks, 2011) using the NCBI database BLAST 
tool (Zhang et al., 2000; Morgulis et al., 2008). Regions 2278-2872 and 9528-9622 
were kept and the two resulting alignments concatenated. Regions 5836-5930 and 
8392-8485 were discarded due to being undiagnostic at the level of species.  
 
Figure 32. Visual assessment across crocodile samples of the mapped sequences 
corresponding to mitochondrial genome region 9528-9622 of Crocodylus moreletii 
(first row) and Crocodylus acutus (second row) in TASSEL v.5.0 (Bradbury et al., 
2007). Individuals highlighted within the red and black rectangles indicate, 







4.2.5 Genetic structure and introgression  
Genetic structure analyses were firstly conducted just on samples from C. moreletii in 
Calakmul using the ADEGENET package (Jombart, 2008; Jombart & Ahmed, 2011) 
for R statistical software (R Development Core Team, 2019) in RStudio version 
1.1.456 (RStudio Team, 2016). A Principal Component Analysis (PCA) was first 
performed to visualise structure in the patterns of genetic variability between 
individuals. After transforming the data using PCA, a Discriminant Analysis of Principal 
Components (DAPC; Jombart et al., 2010) was used to identify clusters of genetically 
related individuals. While PCA characterises the overall variability between 
individuals, including both between-group and within-group variability, DAPC seeks to 
maximise between-group variation whilst minimising within-group variation. Individuals 
were assigned into genetic clusters using k-means, a clustering algorithm that 
identifies a given number (k) of groups. This was performed without providing prior 
information on the populations of origin, and was run sequentially using increasing 
values of k. These runs were compared using the Bayesian Information Criterion 
(BIC), with the preferred value of k defined by the elbow of the curve of BIC values 
when graphed against increasing values of k. 
The presence of introgressed C. acutus DNA amongst C. moreletii  samples was then 
examined using an array of analytical procedures. Firstly, a spatially independent 
analysis based on Bayesian inference of admixture proportions, that is the proportion 
of each individual’s genome derived from each source population i (qi), was performed 
using fastSTRUCTURE (Raj et al., 2014). A maximum likelihood structure approach 
implemented in the software NGSadmix (Skotte et al., 2013) was also used. Both 
methods identify admixture proportions, but fastSTRUCTURE uses SNP calls whilst 
NGSadmix uses the genotype likelihood estimates produced through the software 
ANGSD (Korneliussen et al., 2014) without calling genotypes. In both cases, the 
probability of individual assignment into population clusters (K) was estimated without 
prior information on the origin of individuals, conducting several tests with a maximum 
number of populations from K = 2 to K = 10, with default convergence criterion and 
priors, and five replicates for each value. The optimal K value was estimated for 
fastSTRUCTURE results with the Python-based tool CHOOSEK (included in the 
package) and for NGSadmix results using CLUMPAK (Kopelman et al., 2015). 
Admixture proportions at K = 2 were used to detect genetic admixture between C. 
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moreletii and C. acutus, and only individuals exhibiting point estimates of qi > 0.95 with 
the lower bound of the 95% credible intervals (CI) for qi > 0.8 were assumed as non-
admixed (following Rodriguez et al., 2008; Pacheco-Sierra et al., 2016). 
The software fineRADstructure v.0.3.1 (Malinsky et al., 2018) was also used to infer 
genomic variation among individuals by clustering them according to similarity of their 
RAD haplotypes. This software exploits information drawn from stacks containing 
several SNPs, whereas different stacks are assumed to be unlinked, to derive a co-
ancestry matrix based on the most recent coalescent events (i.e. the sharing of 
identical or nearest-neighbour haplotypes among individuals). Crocodile haplotypes 
exported using the populations tool in STACKS were converted to fineRADstructure 
input format using the script Stacks2fineRAD.py (Malinsky et al., 2018). The co-
ancestry matrix was inferred using RADpainter, and the MCMC clustering algorithm in 
fineSTRUCTURE v.4 (Lawson et al., 2012) was used to infer clusters of shared 
ancestry, setting the number of burn-in iterations to 100,000, the sample iterations to 
100,000, and the thinning interval to 1,000. Finally, to reflect the relationships within 
the co-ancestry matrix, the inferred clusters were arranged according to a tree inferred 
with fineSTRUCTURE, using 100,000 hill-climbing iterations, and allowing for all 
possible tree comparisons (following Barth et al., 2020). 
4.2.6 Crocodile relatedness in the region of Calakmul 
For analysis of crocodile relatedness, a new dataset containing only genotype calls for 
C. moreletii samples in Calakmul was created in STACKS using the same methods as 
described above. Only the 400 loci with the highest number of heterozygosity across 
individuals were retained, and exported into VCF and GENEPOP formats. Pairwise 
relatedness between individuals was calculated using RELATED (Pew et al., 2015), a 
software package for R based on the source code of COANCESTRY (Wang, 2011). 
Using the simulation function, four relatedness estimation methods (Queller & 
Goodnight, 1989; Li et al., 1993; Lynch & Ritland, 1999; Wang, 2002) were compared 
by using allele frequencies within the dataset to generate 100 simulated pairs in each 
of the following categories: parent‐offspring, full‐siblings, half‐siblings, and unrelated 
individuals. Wang's relatedness estimator (Wang, 2002) overall provided the highest 
correlation coefficient between calculated and expected relatedness estimates and 
thus was used as a measure of relatedness across the region.  
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Further relatedness analysis and parentage assignment was conducted using 
COLONY 2.0 (Wang, 2009; Jones & Wang, 2010), which is a likelihood-based method 
that implements groupwise approach for sibship reconstruction to infer genealogies. 
The C. moreletii SNP dataset containing the 400 loci with the highest number of 
heterozygosity was converted to COLONY format using the script Genepop2Colony, 
available in the software package GENEPOPEDIT (Stanley et al., 2017), a R software 
package designed for manipulating multilocus data. A full likelihood model with 
medium precision and without setting a sibship prior was used in COLONY, allowing 
for polygamous mating in both sexes. Samples of adult crocodiles in Calakmul regions 
4 and 6 were treated as potential paternal and maternal candidates, whereas all other 
samples were treated as potential offspring. Network graphics displaying the inferred 
full-sibship and half-sibship dyads and “Best (ML) Configuration” assignments of 
parent-offspring were constructed using CYTOSCAPE 3.8.0 (Shannon et al., 2003), 
following Ursprung et al. (2011).  
 
4.3 Results 
4.3.1 SNP discovery and genotyping using stacks 
The number of reads retained after demultiplexing, verification of RAD-tags, and 
quality filtering ranged between 2.31 and 5.42 * 106 per individual, with a mean of 3.07 
* 106 reads. Two samples from Calakmul were excluded from the data set due to a 
low number of reads (~ 5,200 and 70,000). The remaining 93 samples were processed 
and filtered through the ref_map pipeline and populations tool in STACKS, resulting in 
a final selection of 4,980 polymorphic loci shared by both species of crocodile and 
identified in at least 80% of all individuals. 
Seven samples (five from Calakmul 2, and two from Calakmul 4) had RAD sequences 
mapping to the 2278-2872 and 9528-9622 regions of the C. acutus mitochondrial 






Table 5. Geographic distance and mean Fst values between the six regions in 
Calakmul where Crocodylus moreletii samples were obtained. Distance values in each 
region pair represent Euclidian distance between their two closest sample locations. 
Fst values were calculated using the populations pipeline in STACKS (Rochette et al., 
2019). 
 Calakmul 1 Calakmul 2 Calakmul 3 Calakmul 4 Calakmul 5 Calakmul 6 
Calakmul 1 --- 0.079 0.176 0.075 0.197 0.095 
Calakmul 2 40 km --- 0.100 0.065 0.111 0.088 
Calakmul 3 30 km 20 km --- 0.057 0.203 0.077 
Calakmul 4 115 km 80 km 90 km --- 0.026 0.078 
Calakmul 5 155 km 130 km 130 km 75 km --- 0.063 
Calakmul 6 80 km 60 km 50 km 60 km 80 km --- 
 
Figure 33. Relationship between genetic and geographical distances in C. moreletii 
across Calakmul. The line represents a smooth curve fitted by locally estimated 







4.3.2 Genetic structure across Calakmul 
The PCA revealed a probable occurrence of mislabelling, as one sample from the 
Calakmul region 6 was found to cluster with region 4 (Figure 34). This sample was 
removed from the dataset. The PCA highlighted differences between the six C. 
moreletii populations along the first two PC axes (Figure 34A), but no apparent 
structure was observed along the third axis (Figure 34B). The first PC axis separated 
populations into two main groups (Calakmul regions 1-3 and 4-6), whilst the second 
axis separated Calakmul region 6 from regions 4 and 5. 
The k-means algorithm revealed that the most likely number of clusters (n = 3, based 
on the elbow of the BIC curve; Figure 35) is less than the number of sampling regions. 
However, the assignment of individuals into genetic clusters based on SNPs did not 
universally correspond with these regions (Figures 36, 37). Individuals from Regions 
1, 2 and 3 were assigned into the same cluster. Calakmul Region 4 to a large extent 
represents its own genetic cluster containing 95% (33/35) of individuals. The 
remaining 5% (n = 2) were assigned into the cluster formed by Calakmul regions 1, 2 
and 3. All three individuals from Region 5 were grouped with one of the clusters formed 
by Region 4. Region 6 was also to a large extent its own genetic cluster, with 90% of 
crocodiles being assigned to one cluster and the remaining 10% to the Cluster formed 
by Region 4 and 5.  
The DACP further demonstrated the results observed through PCA, illustrating its 





Figure 34. PCA plots generated from the SNP dataset of C. moreletii from Calakmul. 
The first two PC axes indicate differentiation across sample regions (A), whilst no 
structure is apparent along the third axis (B). Calakmul labels discriminate the six 




PC axes 1 and 3 





Figure 35. Inference of number of clusters identified within the SNP dataset of C. 
moreletii from Calakmul. Number of clusters selection (k = 6) was based on the elbow 
of the curve of BIC values. 
Figure 36. Assignment of Crocodylus moreletii samples into the six genetic clusters 
inferred by the k means algorithm in relation to where samples originate from. 
Calakmul labels discriminate the six major areas within the region where crocodile 
samples were collected (see figure 37). 
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Figure 37. Spatial distribution of Crocodylus moreletii from the three genetic clusters 
inferred by the k means algorithm. Calakmul labels discriminate the six major areas 
within the region where crocodile samples were collected. White arrows indicate 
samples with reads matching regions 2278-2872 and 9528-9622 of the Crocodylus 
acutus mitochondrial genome. 
Figure 38. DAPC plot generated from the SNP dataset of C. moreletii from Calakmul. 









4.3.3 Admixture proportions and co-ancestry 
Bayesian admixture proportions (qi) for K = 2 estimated in fastSTRUCTURE identified 
100% (84/84) and 86% (72/84) of crocodile samples from the region of Calakmul as 
non-admixed C. moreletii at qi thresholds of 0.95 and 0.99 (Figure 39), respectively. 
Calakmul regions three and six had no samples with signs of introgression (Figure 39). 
However, significant C. acutus admixture proportions were observed in all external 
reference samples of C. moreletii (0.17 ± 0.01; 0,1 – 0.18), confirming existing 
expectations (Pacheco-Sierra et al., 2016). Bayesian assignments based on the 
CHOOSEK method suggested that the number of clusters that best explain the 
structure was K = 6, demonstrating genetic sub-structuring also within Calakmul 
(Figure 39). At this value of K, no samples retained an admixture proportion matching 
C. acutus. 
Admixture proportions (Q-scores) estimated from genotype likelihoods for K = 2 in 
NGSadmix identified 96% (81/84) and 74% (62/84) of crocodile samples from the 
region of Calakmul as non-admixed C. moreletii at a threshold of 0.95 and 0.99 (Figure 
40), respectively. Similar to what was observed in fastSTRUCTURE, significant C. 
acutus admixture proportions (0.18 ± 0.04; 0,11 – 0.23) were apparent in all external 
reference samples of C. moreletii. Assignment results based on the CLUMPAK 
method indicated that the number of clusters that best explain the structure within the 
dataset was K = 4. At this value of K, no crocodile samples from Calakmul exhibited a 
C. acutus Q-score above 0.05, and only seven exhibited values above 0.01. 
The clustered co‐ancestry matrix and the cladogram resulting from the 
fineRADstructure haplotype similarity analysis suggested that the reference samples 
of C. moreletii had higher estimated levels of coancestry with C. acutus when 
compared with samples from Calakmul, a further indicative of their admixed origin 
(Figure 41). Running the same analysis using only samples from Calakmul revealed 





Figure 39. Genetic structure and Bayesian admixture proportions (qi) from 
fastSTRUCTURE (Raj et al., 2014) with K = 2 to 6, where solid lines are 95% credible 
intervals and different colours represent each admixture proportion. Each vertical bar 
corresponds to one crocodile sample. Inverted black triangles represent samples with 
reads matching regions 2278-2872 and 9528-9622 of Crocodylus acutus 
mitochondrial genome. CK represents crocodile samples from the six areas within the 
study region. CA and CM represent, respectively, the external reference samples of 
Crocodylus acutus and C. moreletii. Bayesian assignment results based on the 
CHOOSEK method indicated that the number of clusters that best explain the structure 








Figure 40. Genetic structure and ancestry proportions (Q-scores) from NGSadmix 
(Skotte et al., 2013) with K = 2 to 6, where solid lines are 95% credible intervals and 
different colours represent each admixture proportion. Each vertical coloured bar 
corresponds to one crocodile sample. Dashed white lines delimit different sample 
locations within each region of Calakmul (CK). Inverted black triangles represent 
samples with reads matching regions 2278-2872 and 9528-9622 of Crocodylus acutus 
mitochondrial genome. CA and CM represent, respectively, the external reference 
samples of the C. acutus and C. moreletii. Assignment results based on the CLUMPAK 









Figure 41. Individual coancestry based on haplotype similarity across all C. moreletii 
and C. acutus samples. Coancestry was investigated based on RAD loci with 
fineRADstructure (Malinsky et al., 2018). Heatmap colours indicate numbers of RAD 
loci with estimated shared coancestry. Individuals are listed on both axes in the same 
order, clustered according to the tree shown on top of the heatmap (Lawson et al., 
2012). Individuals from Calakmul cluster together with further substructure visible 
(further detail in Figure 42). External C. moreletii individuals (CM) clustered together 






Figure 42. Individual coancestry based on haplotype similarity for C. moreletii samples 
from the region of Calakmul, indicating the presence of three main clusters with further 
substructure visible within each group. Coancestry was investigated based on RAD 
loci with fineRADstructure (Malinsky et al., 2018). Heatmap colours indicate numbers 
of RAD loci with estimated shared coancestry. Individuals are listed on both axes in 
the same order, clustered according to the tree shown on top of the heatmap (Lawson 







4.3.4 Individual relatedness 
Relative intervals of individual relatedness (RW) were delineated based on 100 simulated 
pairs of known relatedness (Figure 43) and identified as Full-sibling (RW ≥ 0.4; share both 
parents), Half-sibling (RW ranging from 0.15 to 0.39; share one parent) or Unrelated (RW 
< 0.15). For pairwise relatedness within the same region of Calakmul between juvenile 
and adult crocodiles, Parent-Offspring relationships were identified for RW values greater 
than 0.4 and Other for RW values ranging from 0.15 to 0.39.  
From the 2850 pairwise relatedness values estimated for the samples from Calakmul, 
89% (n = 2550) yielded a RW value less than 0.15 and were classified as unrelated. From 
the remaining 300 RW values, 81% (n = 241) were assigned as Half-sibling, 12% (n = 37) 
as Full-sibling, 6% (n = 18) as Other, and 1% (n = 4) as Parent-Offspring. 
Figure 43. Relatedness values (RW) for 100 simulated pairs with known relatedness 
estimated through Wang's relatedness estimator (Wang, 2002) in RELATED (Pew et 
al., 2015; Wickham, 2016), based on allele frequencies from the 400 loci with highest 
number of heterozygosity across C. moreletii individuals in Calakmul. Relationship 
curves are well differentiated, demonstrating the elevated statistical power of the 400 




The resulting relatedness network indicated that, apart from two crocodiles from Region 2 
being grouped with individuals from Group 1, no relatedness between crocodiles of 
different regions was identified (Figure 44). Calakmul regions 1, 2, and 5 were 
composed of a single cluster of connected individuals each. For Calakmul region 4, 
two large clusters were identified, in addition to a smaller unit of three individuals, and 
four individuals unrelated to any other crocodile. For Region 6, two large clusters and 
a smaller unit of five individuals were identified. 
Figure 44. Pairwise relatedness (RW) network generated in for C. moreletii estimated 
through Wang's relatedness estimator (Wang, 2002) in RELATED (Pew et al., 2015), 
based on allele frequencies. Each coloured node represents a crocodile, with different 
colours indicating one of the six sampled regions in Calakmul. Distances and locations 
of nodes do not contain any spatial information. Black lines represent RW values higher 
than 0.4 (Parent-offspring or Full-siblings) and grey lines indicate an RW between 0.15 
and 0.4 (Half-siblings or Other). This network was constructed using CYTOSCAPE 





Figure 45. Pairwise relatedness network for C. moreletii based on the full-sibship 
(black lines) and half-sibship (grey lines) dyads inferred through maximum likelihood 
in COLONY (Wang, 2009). Each coloured node represents a crocodile, with different 
colours indicating one of the six sampled regions in Calakmul. Distances and locations 
of nodes do not contain any spatial information. Unconnected coloured nodes in 
Calakmul 2 (C21), Calakmul 3 (C77), Calakmul 4 (C47, C48) and Calakmul 6 (C66, 
C67, C68) represent individuals that were passed as potential parental genotypes in 
the analysis, due to being significantly larger (adults; total length ≥ 2 metres) that the 
rest of the crocodiles of those regions. This network was constructed using 




Full-sibship and half-sibship dyads for C. moreletii inferred through maximum 
likelihood in COLONY revealed 170 links amongst sampled individuals, where 68 
represent Full-siblings and 102 Half-siblings (Figure 45). A similar structure to the 
network based on RW was observed for Calakmul regions 1, 2, 3, 5 and 6. However, 
Region 4 was sub-divided into 5 clusters and four individuals unrelated to any other 
crocodile.  
For parental assignment, COLONY only assigned four individuals to a known female 
genotype within the dataset, and all remaining individuals were assigned to an 
unknown female (n = 19) and male (n = 21). The inferred parental network for crocodile 
samples (Figure 46) revealed a polygamous system with most females and males 
sharing offspring with more than one partner. 
Figure 46. Parental assignment network in C. moreletii inferred through maximum 
likelihood in COLONY (Wang, 2009). Each coloured line represents a crocodile 
sample, with different coloured lines indicating one of the six sampled regions in 
Calakmul (Calakmul 1 – blue lines; Calakmul 2 – brown lines; Calakmul 3 – black line; 
Calakmul 4 – green lines; Calakmul 5 – yellow lines; Calakmul 6 – magenta lines). 
Light blue and light purple coloured rectangular nodes represent, respectively, the 
inferred paternal and maternal genotypes for each crocodile sample. Distances and 
locations of nodes do not contain any spatial information. Asterisk indicates parental 
assignment to a known female genotype. This network was constructed using 






This study investigates the presence of Crocodylus moreletii – Crocodylus acutus 
hybrids and provides evidence that the region of Calakmul, unlike what has been 
reported in other parts of the Yucatan Peninsula (Pacheco-Sierra et al., 2016; 
Pacheco-Sierra et al., 2018), still holds a healthy population of non-admixed C. 
moreletii individuals. Furthermore, population structure assessment amongst samples 
from Calakmul revealed that the six study regions were grouped into three genetic 
clusters. Coupled with high relatedness values and significant number of pairwise Half-
sibling and Full-sibling relationships, spatial population structure is therefore linked to 
extended family networks within each region. 
4.4.1 Screening for presence of hybrid individuals in Calakmul  
Hybridization has long been a topic of interest to many fields in biology, and an 
increasing matter of concern to conservation biologists (Rhymer & Simberloff, 1996; 
Allendorf et al., 2001; Grabenstein & Taylor, 2018; McFarlane et al., 2020). Regions 
of secondary contact, where individuals from genetically different populations 
reproduce and form admixed offspring, have been recognized as fertile grounds for 
evolutionary studies on speciation, selection, recombination and maintenance of 
species boundaries (Anderson & Thompson, 2002; Payseur & Rieseberg, 2016; 
Ottenburghs et al., 2017). Although natural hybridization regularly occurs and is an 
important part of the evolutionary history of many species (Mallet, 2005; Abbott et al., 
2013; Payseur & Rieseberg, 2016), interpreting the evolutionary significance of 
hybridization and determining the role of hybrid populations in developing conservation 
plans can be more difficult than is usually appreciated (Allendorf et al., 2001; Genovart, 
2008). Conservation of hybrid individuals, especially those originating from natural 
hybridization, has been an ongoing topic of controversy and debate (Jackiw et al., 
2015; Pacheco-Sierra et al., 2016), in great part due to hybrids often having higher 
fitness which allow for adaptation to novel environments (Allendorf et al., 2001; 
Edmands, 2007). On the other hand, hybridization and introgression have contributed 
to the extinction of species and is especially concerning when rare species come into 
contact with more abundant ones, whether owing to natural or anthropogenic causes 
(Allendorf et al., 2001), as it can result in the formation of localized hybrid swarms and 
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eventual genetic swamping of the rarer species (Rhymer & Simberloff, 1996; 
Genovart, 2008).  
Although hybridization between crocodiles has long been documented, its importance 
for conservation concerns has been raised only recently, and there is still some 
prevalent controversy regarding the management strategies and conservation policies 
when dealing with hybrids (Hekkala et al., 2015; Pacheco-Sierra et al., 2018). 
Hybridization between C. moreletii and C. acutus has long been suggested based on 
morphological assessments (e.g. Ross & Ross, 1974; Ross & Mayer, 1983) with 
individuals exhibiting a gradient of morphological characteristics from both species 
(e.g. Hekkala, 2004; Cedeño-Vazquez et al., 2011). One of the first studies making 
use of molecular tools to report hybridization between two crocodile species 
(Crocodylus siamensis and Crocodylus rhombifer) was conducted on individuals living 
in captivity (Fitzsimmons et al., 2002) and provided evidence that hybridization could 
also occur in the wild amongst other species within the genus. Since then, a significant 
number of studies have employed mitochondrial DNA and microsatellite information 
to investigate hybridization between C. moreletii and C. acutus in Mexico (e.g. 
Cedeño-Vázquez et al., 2008; Rodriguez et al., 2008; González-Trujillo et al., 2012; 
Pacheco-Sierra et al., 2016) and Belize (e.g. Ray et al., 2004; Hekkala et al., 2015), 
highlighting the occurrence of bidirectional gene flow between the two species and 
identifying a large number of hybrid populations especially in coastal areas (Ray et al., 
2004; Cedeño-Vázquez et al., 2008; Rodriguez et al., 2008; Pacheco-Sierra et al., 
2016). 
It was nevertheless not until recently that hybridization between C. moreletii and C. 
acutus was examined on a large-scale, encompassing samples from both species 
across their historic distribution ranges in Mexico (Pacheco-Sierra et al., 2016; 
Pacheco-Sierra et al., 2018), with the latter study investigating hybridization between 
these two species through 12,800 SNP loci produced through RADseq. These two 
studies revealed that, contrary to previous expectations, hybridization between the two 
species is geographically extensive, extending well beyond their historical region of 
sympatry, with admixed individuals found throughout the Gulf of Mexico and the 
Caribbean. Furthermore, and contrary to what was previously believed, the studies 
demonstrated that non-admixed populations of both C. moreletii and C. acutus could 
only be found in confined locations within the species’ Mexican distribution range. For 
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C. moreletii, such locations consist of upstream continental lagoons in Northern 
Mexico that represent “islands” with little connection with other water bodies, 
decreasing opportunities for gene flow with admixed individuals as well as C. acutus. 
Despite previous assumptions, hybridization between the two species does not appear 
to be a result of anthropogenic influences, as admixture is due to historic processes 
and involves an extended mosaic hybridization pattern (Pacheco-Sierra et al., 2016; 
Pacheco-Sierra et al., 2018). Two distinct hybrid C. moreletii lineages have been 
identified. The first lineage is represented by individuals inhabiting the Gulf of Mexico 
and is genetically closer to the parental lineage from Northern Mexico with little 
introgression from C. acutus, whilst the second lineage is characterised by higher 
levels of admixture and mostly inhabits coastal areas along the Yucatan Peninsula 
(Pacheco-Sierra et al., 2016; Pacheco-Sierra et al., 2018).  
Although Calakmul represents only a small geographical region within the southern 
central portion of the Yucatan Peninsula, the results presented herein suggest that 
Calakmul represents a stronghold for non-admixed populations of C. moreletii 
surrounded by largely admixed populations along more coastal regions (Cedeño-
Vázquez et al., 2008; Rodriguez et al., 2008; Pacheco-Sierra et al., 2016). A 
substantial proportion of individuals (~74%) were entirely free from C. acutus 
introgression, and admixture proportions as quantified by both Bayesian 
(fastSTRUCTURE) and maximum-likelihood (NGSadmix) approaches were below 
0.05 for all but three individuals from Calakmul, values which are generally interpreted 
as indicative of non-admixture (Rodriguez et al., 2008; Hekkala et al., 2015; Pacheco-
Sierra et al., 2016). These findings are of great conservation importance, as they 
provide first-hand evidence that Calakmul is the last refuge within the Mexican 
Yucatan Peninsula still holding a non-admixed lineage of C. moreletii. It is important 
to highlight that the only other two non-admixed C. moreletii populations inhabit 
isolated locations in the very opposite end of Mexico. Although C. moreletii is a species 
protected by the Mexican law as conservation dependant (NOM-059-ECOL-2001) and 
internationally listed by IUCN (Least Concern) and CITES (Appendix II), conservation 
guidelines and protection for the C. moreletii – C. acutus complex are in urgent need 
of review due to the vast majority of individuals and populations routinely identified as 
C. moreletii being in fact admixed (Pacheco-Sierra et al., 2016). Naturally occurring C. 
moreletii – C. acutus hybrid populations need to be considered for their conservation 
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value (Jackiw et al., 2015; Pacheco-Sierra et al., 2018), but, more importantly, the 
three non-admixed C. moreletii populations require different categorization than their 
hybrid counterparts due to their more endangered nature (Pacheco-Sierra et al., 
2016).  
Isolated pure C. moreletii populations within the historic species distribution range 
coupled with hybrids increasingly becoming reproductively isolated from their parental 
lineages could in the long-term lead to a process of incipient speciation by 
hybridisation (Nolte & Tautz, 2010; Pacheco-Sierra et al., 2018). Alternatively, a 
process of despeciation might occur if hybrid lineages eventually are able to 
genetically absorb the last refuges of non-admixed populations via admixture (Grant 
& Grant, 2014; MacLeod et al., 2015). The two parental populations of Northern 
Mexico exhibit low population numbers and low, homogenised levels of genetic 
diversity (average heterozygosity, Ho = 0.13) making them vulnerable to an extinction 
vortex (Pacheco-Sierra et al., 2018). Crocodiles in Calakmul exhibit higher levels of 
genetic diversity (Ho = 0.19), and field observations indicate the presence of a healthy 
population of approximately 12,000 individuals, with multiple active reproduction areas 
across the region (Barão-Nóbrega et al. unpublished data; Chapter 3). Although hybrid 
individuals are widely distributed in the Yucatan Peninsula, crocodiles disperse mainly 
through hydrological networks (coastline, mangroves, lagoons, cenotes, flood zones, 
rivers; Lee, 2000; Sigler & Gallegos, 2017), and as such the non-admixed nature of 
the populations in Calakmul is likely a direct result of ecological isolation through its 
general elevated topographic profile and poor overall hydrological connectivity to 
surrounding areas (García-Gil et al., 2002; Gunn et al., 2002). Unless there is a 
significant increase in human-mediated hybridization in the future resultant from 
translocations or dispersal facilitated by future development projects (e.g. Mayan train; 
Pskowski, 2019; Godoy, 2020; Palacios, 2020; Villa, 2020), the region of Calakmul is 
very likely to remain an isolated stronghold harbouring non-admixed C. moreletii. This 
is particularly the case for the regions within the Biosphere Reserve (Calakmul 4 and 
6), which are the most geographically isolated (Figure 30; Gunn et al., 2002).  
When aiming to identify admixed and non-admixed individuals in studies evaluating 
hybridization, samples from both parental species are usually required for adequate 
statistical power and to avoid biased estimations of hybrid indexes or admixture 
proportions (Anderson & Thompson, 2002; Gompert & Buerkle, 2010; Pacheco-Sierra 
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et al., 2016). The present study lacks comparable sequence information from known 
parental populations of C. moreletii, but the high statistical power offered by the large 
number of molecular SNP markers (n ~ 5000) used in the analyses (Morin et al., 2009; 
Willing et al., 2012) nevertheless allowed for unambiguous conclusions. Although the 
analyses suggest crocodile populations in Calakmul to be largely composed of non-
admixed individuals, they also reveal traces of introgressed C. acutus nuclear DNA 
(0.05 ≥ qi ≥ 0.01) in 19 samples (24%), corroborated by two C. acutus mitochondrial 
DNA sequences (i.e. SNP loci) detected in seven individuals (Figures 32, 34, 35). 
Admixture proportions inferred at different levels of K also clearly confirm the admixed 
nature of the external reference samples of C. moreletii from Northern Mexico. 
Although these external C. moreletii samples exhibited substantial nuclear 
introgression (Figures 34, 35), their two mapped mitochondrial SNP loci matched the 
mitochondrial reference genome of C. moreletii (Figure 32). It is worthwhile mentioning 
however, that the identified mtDNA sequences stemmed from single reference 
individuals, and so their diagnostic value would require further confirmation. 
One of the most striking patterns of introgression is represented by nuclear-
mitochondrial discordance (observed difference between mitochondrial and nuclear 
markers, often in the form of substantial mitochondrial introgression in combination 
with no or little nuclear introgression; Toews & Brelsford, 2012), which in the past two 
decades, has been increasingly identified across a wide range of vertebrate and 
invertebrate species (see Bonnet et al., 2017, and references therein). Multiple 
mechanisms such as incomplete lineage sorting, genetic drift, spatial expansion, 
positive selection for introgressing mitochondrial variants and negative selection 
against introgression in the nuclear genome have been proposed and discussed to 
explain nuclear-mitochondrial discordance (see Toews & Brelsford, 2012; Bonnet et 
al., 2017 for detailed discussion). Many taxa displaying patterns of biogeographic 
nuclear-mitochondrial discordance represent groups that were isolated for long 
periods of time, and are either currently in secondary contact or have experienced 
contact at some point in their past (Toews & Brelsford, 2012), which is the case of C. 
moreletii populations in the Yucatan Peninsula (Ray et al., 2004; Cedeño-Vázquez et 
al., 2008; Rodriguez et al., 2008; Pacheco-Sierra et al., 2016). In Calakmul, 
introgression of C. acutus mitochondrial DNA was observed in only a small fraction of 
the overall population (mainly in Calakmul 2) and was likely generated by past contact 
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with backcrossed individuals with the discordant nuclear-mitochondrial combination 
(Bonnet et al., 2017), as extensive mitochondrial DNA introgression at population-level 
would also require elevated levels of gene-flow at nuclear genes (Toews & Brelsford, 
2012; Bonnet et al., 2017). Crocodylians have long generation times and are prone to 
exhibit low levels of mitochondrial DNA genetic structure (Glenn et al., 2002; Ray et 
al., 2004; Rodriguez et al., 2008; González-Trujillo et al., 2012), which can be partially 
explained by their low metabolic rates (Martin & Palumbi, 1993), low mutation rates 
during DNA replication (Bromham, 2002), and high longevity (Galtier et al., 2009). The 
increasing number of studies across several taxa reporting nuclear-mitochondrial 
discordance highlight its prevalence and importance in shaping genetic variation in 
natural populations (Wiens et al., 2010; Toews & Brelsford, 2012; Bonnet et al., 2017). 
As such, whenever possible, molecular studies employing RADseq, particularly the 
ones addressing hybridization, should attempt to map both nuclear and mitochondrial 
markers for a better understanding of the genetic nature of the studied taxa. 
Recent data have suggested that hybridization between C. moreletii – C. acutus is an 
ancient process that initiated around 2-3 million years ago in the North of the Yucatan 
Peninsula (Pacheco-Sierra et al., 2018). As such, and taking into consideration the 
geohydrologic nature of the study region, the detection of SNP alleles diagnostic for 
C. acutus within Calakmul samples suggests a more likely result of historical 
introgression events rather than contemporary hybridization, even for the highest qi 
estimates above the 0.05 threshold (~ 0.07) observed in three samples in Calakmul 1. 
Although these three samples were just above the more conservative threshold used 
in this study (0.95 < qi < 0.05; following Rodriguez et al., 2008; Hekkala et al., 2015; 
Pacheco-Sierra et al., 2016), they still fall within the ancestry coefficient cut-off range 
often used in genetic assignments of wild populations (0.90 < qi < 0.10; Burgarella et 
al., 2009; Chattopadhyay et al., 2016; Chattopadhyay et al., 2019). 
One of the advantages of the use of thousands of SNPs as genomic markers, in 
relation to microsatellite markers for example, is its higher resolution for identifying 
admixture, particularly in systems where backcrossing has occurred for multiple 
generations (Pacheco-Sierra et al., 2018; McFarlane et al., 2020). The molecular 
approaches used in this study are based on approximately 5,000 SNPs shared by at 
least 80% of individuals and present in all eight sample origin groups (both external C. 
moreletii and C. acutus plus all six Calakmul regions), which enables a high degree of 
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confidence to support the initial hypothesis that Calakmul is the only location within 
the Yucatan Peninsula to still hold a pure parental linage of C. moreletii. Although 
further exploration of this dataset can be pursued using other software packages also 
used to investigate genetic structure and hybridization (BAPS – Corander et al., 2008; 
INTROGRESS – Gompert & Buerkle, 2010; BGC – Gompert & Buerkle, 2012; 
HYBRIDDETECTIVE – Wringe et al., 2017), the results herein provide a solid basis to 
demonstrate the largely non-admixed nature (in relation to the C. acutus parental 
samples) of the surveyed locations in Calakmul. Considering sequence data from 
additional locations within the Peninsula and a higher number of samples from known 
parental populations of both species could shed further light into the matter. Attempts 
to screen the VCF file containing the dataset used by Pacheco-Sierra et al. (2018) in 
the hope of finding comparable called SNP variants proved unsuccessful (although 
both studies used C. porosus as reference genome to call SNPs, the methods for 
library preparation and SNP calling were different). 
4.4.2 Population structure across Calakmul 
A way to understand the evolutionary history of a given species is through its temporal 
and spatial distribution of intraspecific genetic variability (Beebee & Rowe, 2008), 
which provides important information regarding the evolutionary processes and space-
time dynamics within and between populations (Smith et al., 2001; Slatkin, 2017). 
Population genetic studies have provided insights into gene flow, population structure 
and genetic diversity of crocodylian species (e.g. Muniz et al., 2018; Cao et al., 2020; 
Roberto et al., 2020; Rossi et al., 2020), including C. moreletii (e.g. Dever & Densmore 
III, 2001; Ray et al., 2004; Pacheco-Sierra, 2010; González-Trujillo et al., 2012; 
Versfeld, 2016). Demographic and genetic structure in water-dependent species, such 
as crocodiles, particularly in locations where restrictions to gene flow are influenced 
by topographic changes and seasonal isolation, are highly influenced by aquatic 
habitat availability and water-level fluctuations (Monsen & Blouin, 2003; Velo-Antón et 
al., 2014), thereby impacting upon genetic drift between isolated populations (Allendorf 
& Luikart, 2007; Versfeld, 2016). For the majority of the year, aquatic habitat in 
Calakmul largely consists of small to medium size semi-temporary ponds (< 1 ha; 
García-Gil, 2000; García-Gil et al., 2002; Barão-Nóbrega, 2019) that occur at relatively 
low densities across the region (on average less than one non-dry waterbody per 535 
hectares, García-Gil, 2000; Delgado-Martínez & Mendoza, 2020). Spatial 
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aggregations of crocodiles in these waterbodies, which generally only support one or 
two reproductively active pairs, coupled with field observations on overall demographic 
structure and philopatric behaviour (Barão-Nóbrega, unpublished data), already 
suggested that individuals inhabiting the same area represent a genetic unit (i.e. local 
population). 
Topography and geographical distance appear to govern the genetic population 
structure of C. moreletii in the region of Calakmul, as different analytical approaches 
independently highlight a pattern of pronounced differentiation between 
geographically distinct locations. Marked genetic distances (Fst > 0.05; see also Dever 
et al., 2002; Ray et al., 2004; Versfeld, 2016) were observed in all pairwise 
comparisons amongst Calakmul regions (Table 5; Figure 33), with the exception of 
Calakmul 4 and Calakmul 5 (Fst ~ 0.02). Differentiation was observed between the 
Northwest (regions 1 and 2), Northeast (regions 4) and Southcentral (regions 6) 
quadrants of Calakmul (Figures 37, 38, 41). The proximal causes of lack of the genetic 
differentiation from Calakmul regions 3 and 5, which were assigned into genetic 
clusters from Calakmul regions 2 and 4, respectively, are currently unknown (Figure 
41). It might be in part due to the relatively low number of samples from these regions 
(three samples from each location), although such numbers can be adequate to 
resolve population structure when the number of SNP markers is large (> 1,000; 
Willing et al., 2012). Low connectivity, in great part due to the elevation profile (Figure 
30), geographical distance (Table 5; Figure 33) and hydrological network of the 
landscape between sampled sites in Calakmul 3 and 5 and the genetic clusters they 
were assigned to suggest that if a more representative number of samples from 
additional waterbodies within those regions were available, regional clusters for those 
regions might likely emerge. Future studies addressing landscape genetics across 
Calakmul will be able to shed further light into the influence of topography on C. 
moreletii genetic structure. Significant differentiation between geographically distant 
and hydrologically isolated populations of the same species has also been reported in 
other crocodylian species (e.g. Caiman crocodilus, Melanosuchus niger – Farias et 
al., 2004; Crocodylus johnstoni – Cao et al., 2020; C. acutus – Rossi et al., 2020).  
Calakmul is prone to highly dynamic changes to structural characteristics of 
waterbodies over time due to shifts in precipitation patterns and consequently in water 
availability across the region (Reyna-Hurtado et al., 2010; Barão-Nóbrega, 2019; 
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Márdero et al., 2019; Delgado-Martínez & Mendoza, 2020), which influence the 
spatial-temporal occurrence and abundance of the local aquatic fauna (Slater et al., 
2020). Although C. moreletii movement over terrestrial habitat have been previously 
reported (e.g. Barão-Nóbrega et al., 2016b), and long-distance movement in response 
to seasonal changes to aquatic environment (e.g. droughts or floods) or in response 
to seasonal reproduction is common in crocodylian species (Lang, 1989), data from 
this study suggests a high degree of philopatry in Calakmul, possibly due to the 
combinatory effect of the rather uneven nature of the terrain and the absence of 
permanent hydrological corridors between aguada habitats across the region. The 
carrying capacity of waterbodies is also restricted due to their often-ephemeral nature 
and overall relative small dimensions (min – max perimeter = 40 – 3639 metres; Q1 = 
98 m; Q3 = 207 m; with 98% of locations exhibiting a perimeter of less than 1000 
metres; Chapter 3 – Figure 25). Crocodile populations inhabiting habitats with such 
dynamic features might be more prone to increased demographic and environmental 
vulnerability when compared to more stable environments throughout the Yucatan 
Peninsula, which in turn could negatively impact their genetic diversity and increase 
risk to their adaptive capacity due to stochastic changes (Saccheri et al., 1998; 
Madsen et al., 1999; Velo-Antón et al., 2014). On the other hand, C. moreletii seems 
to be well adapted to live in such dynamic environments as average heterozygosity of 
populations in Calakmul (Ho = 0.19) was similar to the reference C. moreletii samples 
(Ho = 0.18), and also to what has been reported based on SNP data, on average, for 
hybrid crocodile populations in other parts of the Peninsula (Ho = 0.185; Pacheco-
Sierra et al., 2018). Isolated groups of the West African crocodile (Crocodylus suchus) 
inhabiting mountain rock pools (gueltas) with seasonal hydrographic connectivity in 
Mauritania have been reported to exhibit high genetic differentiation and viable genetic 
diversity even when local population sizes were as small as five individuals (Velo-
Antón et al., 2014). Although no permanent aquatic dispersal corridors for C. moreletii 
exist in Calakmul, during the peak of the rainy season (October – December), 
temporary dispersal corridors between aguada sites within a region are occasionally 
formed by flooding in lowland forests (Reyna-Hurtado et al., 2010; Reyna-Hurtado et 
al., 2019). These periodical and short-timed events allow temporal seasonal 
connectivity to otherwise isolated aguada habitats, which likely resulted in the 
extended family network pattern within each region observed in the dataset.  
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Analysing spatial genetic diversity at a fine geographic scale amongst and within 
regions highlighted that C. moreletii were genetically more similar within than between 
Northwest, Northeast and Southcentral areas of Calakmul. This result strongly 
suggests that long-distance dispersal events are rare, and that these areas in 
Calakmul harbour demographically uncoupled populations. It should be noted, 
however, that crocodiles are long-lived vertebrates (Galtier et al., 2009; Grigg & 
Kirshner, 2015). Despite being largely undisturbed by human settlements and 
activities until the 1960s (Vester et al., 2007), verbal accounts of translocations by 
local communities and authorities within the last 40 years (González-Jauregui, 
personal communication; Barão-Nóbrega, unpublished information), could partly 
explain high ancestry coefficients for individuals across regions. Nonetheless, 
altogether the results of this study do not indicate that these individuals represent first 
generation migrants (Fukuda et al., 2019). Detectable genetic connectivity between 
populations, despite large distance separation and isolation, has been previously 
reported for C. moreletii and C. acutus in other parts of the Yucatan Peninsula (Dever 
et al., 2002; Ray et al., 2004). 
4.4.3 Relatedness and mating system 
An important contribution to the conservation of a species is knowledge of its genetic 
mating system, which determines the transmission of gene genealogies across 
generations and thus directly influences the genetic structure of populations at a fine 
scale (Rowe & Hutchings, 2003; Allendorf & Luikart, 2007; Oliveira et al., 2014). For 
example, in mating systems in which only one male, or a limited number of males are 
responsible for the majority of progeny, the effective population size of this population 
is expected to be smaller than that found in populations which have a mating system 
where several males contribute to the next generation (Trontti et al., 2006). However, 
direct observation and monitoring of reproductive interactions between individuals in 
their natural habitat is often difficult (Sullivan et al., 1995; Wink & Dyrcz, 1999; Uller & 
Olsson, 2008). Many interpretations of social structure and behavioural patterns rely 
on relatedness information (Emlen, 1995; Bourke, 2011). Therefore, molecular 
markers are routinely used as an indirect approach to document genealogies and 
provide insight into mating systems of vertebrate groups including fish (DeWoody & 
Avise, 2001), amphibians (e.g. Gopurenko et al., 2006), snakes (e.g. McCracken et 
al., 1999), turtles (e.g. Valenzuela, 2000), birds (e.g. Foerster et al., 2006) and 
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crocodylians (e.g. Davis et al., 2001; McVay et al., 2008; Oliveira et al., 2014; Ojeda 
et al., 2016).  
In recent years, SNP loci have increasingly been used for determining genetic 
relationships, largely due to the increased level of statistical power offered by these 
markers than a moderate number of microsatellite loci at assigning paternity and 
estimating relatedness among individuals (Thrasher et al., 2018; Dodds et al., 2019). 
For example, variance in estimates of pairwise relatedness (r) for known parent–
offspring pairs is dramatically reduced when using SNP loci in comparison to 
microsatellites (Thrasher et al., 2018). This power of SNP loci might be particularly 
important for systems with low availability of demographic data to determine family 
relationships between individuals in conjunction with estimated r-values (Dodds et al., 
2019). Although SNP markers are routinely used to study parentage and relatedness 
in fish (e.g. García-Fernández et al., 2018), reptiles (e.g. Çilingir et al., 2019) and birds 
(e.g. Thrasher et al., 2018), the present study to my knowledge is the first to utilize 
ddRAD-seq data for relatedness inferences in a wild crocodylian population.  
In this study, 400 SNP loci contained sufficient information to accurately estimate 
relatedness and assign paternity amongst C. moreletii individuals. However, number 
of SNP loci required to perform robust parentage and relatedness analyses in other 
populations of C. moreletii or other crocodylian species will inherently be linked to 
specific characteristics of the studied population (Saunders et al., 2007; Tortereau et 
al., 2017; Thrasher et al., 2018). Parentage and relatedness analyses were performed 
using the pedigree reconstruction programs COLONY and RELATED, and several 
other programs are also readily available (e.g. see Weinman et al., 2015 for 
comparisons amongst programs). The R package SEQUOIA (Huisman, 2017), for 
example, although not used here it has been suggested to be specifically tailored to 
handle SNP data, and is able to reconstruct multigenerational pedigrees with as few 
as 100 SNPs which can be useful for studies with limited social information or 
incomplete population sampling (Thrasher et al., 2018). 
Pairwise relatedness values of C. moreletii individuals in Calakmul demonstrated that 
spatial population structure is tightly linked to extended family networks. Such 
intertwined family structure often promotes inbreeding (Falconer & Mackay, 1996; 
Mauger et al., 2017), which in Calakmul might be counteracted by occasional long-
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distance migrants (e.g. crocodiles C24 and C46 in Calakmul 4; Figure 44) which likely 
represent juvenile and sub-adult individuals (Hutton, 1982; Messel & Vorlicek, 1982; 
Lang, 1989). Occasional migrants amongst different aguadas within and between 
regions (e.g. Calakmul 1 and 2; Figure 44) highlight the species’ adaptative capabilities 
to an hydrological dynamic environment, which likely helps to maintain local 
populations by diminishing the negative effects associated with stochastic events and 
genetic drift (Velo-Antón et al., 2014). Dispersal is likely to take place during the peak 
of the rainy season when short-timed corridors between otherwise unconnected 
aguada habitats are formed due to flooding of surrounding lowland forest (Barão-
Nóbrega, 2019; Slater et al., 2020). During these events, rather large males also 
attempt to find reproductively active females for mating, and are rarely found in small-
to-medium sized aguadas inhabited by females and their offspring (Barão-Nóbrega, 
personal observation).  
The reconstruction of parental and maternal genotypes assigned most individuals to 
unknown parents, which was expected due to the low number of samples from large 
reproductive adults in all regions. In Calakmul 6, one out of three candidate mothers 
(large females, samples C66, C67, C68) sired four out of 20 locally residing juvenile 
individuals (Figure 46). The expectation was that more individuals would be matched 
against one of the three large females, as 2/3 of these potential offspring samples 
originated from the two aguadas where the females were captured. It is however 
noteworthy that the majority of these juveniles are more distantly related to at least 
one of these three females, which also share ancestry among themselves (Figure 44). 
Furthermore, all three sampled aguadas in Calakmul 6 are located within a large 
section of continuous lowland floodable forest, encompassing 3,500 hectares and 
surrounded by hills on all sides. When this forest is flooded, movement of crocodiles 
between sites is enabled through water flow resulting from temporary whirlpools in 
sinkholes draining water underground (Barão-Nóbrega, personal observation; Gunn 
et al., 2002).  
Mate fidelity has been identified in several crocodylian species, along with polyandric 
behaviour and multiple paternities (Grigg & Kirshner, 2015; Vashistha et al., 2020; and 
references therein). Parental assignment analysis of C. moreletii in Calakmul 
highlighted some degree of mate fidelity (e.g. Female 19 - Male 21 in Calakmul 6; 
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Figure 46), but also polyandry and multiple paternity as reproductive strategies (Figure 
46). An interesting note regarding observed multiple paternities arises by cross 
referencing parental assignment results with field-observations and morphometric 
data of captured individuals. In most cases, multiple paternity within clutches was 
discarded due to either evidence against it or by not having enough data to support it. 
On the other hand, for example the three crocodile samples in Calakmul 5 (C36, C37 
and C38) are likely part of the same clutch, as they originated from individuals of the 
same length and age (1-year old hatchlings) captured during the same night in close 
proximity to one another (less than 15 metres), but one of them was identified as Half-
sibling of the other two (Figures 44, 45), which strongly suggests multiple paternity 
within clutches also occurs in Calakmul. 
Polyandry has been already reported based on evidence from microsatellite markers 
in many crocodylian species (Davis et al., 2001; Hu & Wu, 2010; Amavet et al., 2012; 
Oliveira et al., 2014; Ojeda et al., 2016) including C. moreletii in Belize (McVay et al., 
2008), and it is believed to increase the genetic variability of offspring (Yasui, 1998). 
Although differential reproductive success (i.e. high reproductive skew) associated 
with multiple paternity has been reported in polyandrous mating systems (Portnoy et 
al., 2007; e.g. Lance et al., 2009), it also often increases effective population sizes and 
contributes to the maintenance of genetic diversity in isolated populations (Chesser & 
Baker, 1996; Muniz et al., 2011; Rafajlović et al., 2013). 
In crocodylians, polyandry is the result two main forms reproductive behaviour. The 
first consists of multiple copulations without storage of semen in the female 
reproductive tract between one reproductive period and the next; and the second form 
involves single or multiple copulations with sperm storage between reproductive 
periods (Gist et al., 2008). These two forms of polygamy have been confirmed in 
Alligator mississipiensis (Davis et al., 2001), but might not be applicable to all other 
crocodylian species. For C. moreletii, although copulations with multiple males without 
sperm storage is the most likely scenario in larger and more stable hydrological 
environments, the particular landscape and dynamic hydrological characteristics of 
Calakmul might further determine the local mating system. Female fidelity has been 
shown to play a significant role in multiple paternity analyses as cases of sperm 
storage have been reported, and even after mating with multiple males the offspring 
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of a given female may only have a single sperm donor (Lance et al., 2009). Male fidelity 
however, could be a reflectance of small number of competing males and low mating 
encounters owing to habitat fragmentation and population structure (Grigg & Kirshner, 
2015; Vashistha et al., 2020). 
4.5 Final Considerations 
Assessing genetic structure and gene flow among populations, as well as identifying 
landscape features that have an impact on gene flow, are key to identify spatial targets 
for conservation efforts. Revealing the genetic patterns of non-admixed C. moreletii 
populations helps to understand population processes in given environments, and 
contribute to the prioritization of conservation actions (Crooks & Sanjayan, 2006; 
McRae et al., 2012; Velo-Antón et al., 2014). 
The present study for the first time describes the population structure and mating 
system of C. moreletii in the southcentral portion of the Mexican Yucatan Peninsula, 
information which can become embedded into local management programs and 
conservation plans. In summary, the study shows that: 1) unique in the Yucatan 
Peninsula, Calakmul is largely composed by non-admixed individuals; 2) different 
large regions within Calakmul are inhabited by demographically rather decoupled C. 
moreletii populations; 3) the mating system is polygamous, with polyandrous females 











Table 6. Details on capture location, size class, gender and assigned crocodile group 
of the 95 samples used for genotyping-by-sequencing (ddRAD-Seq). Location of 
reference samples of populations of both Crocodylus moreletii and Crocodylus acutus 
species were based on current literature (Pacheco-Sierra et al., 2016; Pacheco-Sierra 
et al., 2018). DLN – Dos Lagunas Norte; AO – Alvaro Obrégon; NB – Nuevo Becal; 
ZNS – Zona Nucleo Sur 
Species Sample Area Location Size class Sex Crocodile Group 
C. acutus CA1 Cozumel Faro Celarain Adult  Male Reference Acutus 
 CA2 Cozumel L. Xtacum Adult  Female Reference Acutus 
 CA3 Banco Chinchorro L. Chandez Adult  Male Reference Acutus 
 CA4 Banco Chinchorro L. Chandez Adult  Male Reference Acutus 
 CA5 Yum-Balam Yum-Balam Adult  Male Reference Acutus 
C. moreletii CMT1 Tamaulipas L. Altamira Adult ? Reference Moreletii 1 
 CMT2 Tamaulipas L. Altamira Adult ? Reference Moreletii 1 
 CMT3 Tamaulipas L. Altamira Adult ? Reference Moreletii 1 
 CMP4 San Luís Potosi Cienega cabezas Yearling ? Reference Moreletii 2 
 CMP5 San Luís Potosi Cienega cabezas Yearling ? Reference Moreletii 2 
 CMP6 San Luís Potosi Cienega cabezas Yearling ? Reference Moreletii 2 
 CMT7 Tabasco  L. Ilusiones Adult ? Reference Moreletii 3 
 CMT8 Tabasco  L. Ilusiones Adult ? Reference Moreletii 3 
 CMT9 Tabasco  L. Ilusiones Adult ? Reference Moreletii 3 
 C9 Miguel Colorado L. Mocú Juvenile ? Calakmul 1 
 C10 Miguel Colorado L. Mocú Sub-adult ? Calakmul 1 
 C11 Miguel Colorado L. Mocú Sub-adult ? Calakmul 1 
 C12 Miguel Colorado L. Mocú Adult ? Calakmul 1 
 C13 Miguel Colorado L. Mocú Adult ? Calakmul 1 
 C18 Balam-Kú Reserve Pueblo Viejo Adult Male Calakmul 2 
 C19 Balam-Kú Reserve Pueblo Viejo Adult Male Calakmul 2 
 C20 Balam-Kú Reserve Pueblo Viejo Adult Male Calakmul 2 
 C21 Balam-Kú Reserve Pueblo Viejo Yearling ? Calakmul 2 
 C22 Balam-Kú Reserve Pueblo Viejo Adult Male Calakmul 2 
 C14 Balam-Kú Reserve X’Toc Adult Male Calakmul 2 
 C15 Balam-Kú Reserve X’Toc Adult Male Calakmul 2 
 C16 Balam-Kú Reserve X’Toc Adult Male Calakmul 2 
 C17 Balam-Kú Reserve X’Toc Adult Male Calakmul 2 
 C78 Balam-Kú Reserve Silvituc Hatchling ? Calakmul 3 
 C77 Balam-Kú Reserve Maravilhas Adult Male Calakmul 3 
 C23 Calakmul Reserve Zoh Laguna Yearling ? Calakmul 4 
 C24 Calakmul Reserve Zoh Laguna Juvenile Male Calakmul 4 
 C25 Calakmul Reserve Zoh Laguna Yearling ? Calakmul 4 
 C26 Calakmul Reserve Zoh Laguna Juvenile Female Calakmul 4 
 C27 Calakmul Reserve Chux (DLN) Juvenile Male Calakmul 4 
 C28 Calakmul Reserve Chux (DLN) Juvenile Male Calakmul 4 
 C29 Calakmul Reserve Chux (DLN) Juvenile Female Calakmul 4 
 C30 Calakmul Reserve Chux (DLN) Juvenile Male Calakmul 4 
 C31 Calakmul Reserve Braso fuerte (NB) Yearling ? Calakmul 4 
 C32 Calakmul Reserve Braso fuerte (NB) Yearling ? Calakmul 4 
 C33 Calakmul Reserve Braso fuerte (NB) Yearling ? Calakmul 4 
 C40 Calakmul Reserve Chumaquil (NB) Adult Male Calakmul 4 
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 C41 Calakmul Reserve Chumaquil (NB) Adult Female Calakmul 4 
 C42 Calakmul Reserve Chumaquil (NB) Juvenile Female Calakmul 4 
 C43 Calakmul Reserve Chumaquil (NB) Juvenile Female Calakmul 4 
 C44 Calakmul Reserve Chumaquil (NB) Juvenile Female Calakmul 4 
 C45 Calakmul Reserve Chumaquil (NB) Yearling ? Calakmul 4 
 C46 Calakmul Reserve Chumaquil (NB) Sub-adult Female Calakmul 4 
 C47 Calakmul Reserve Chumaquil (NB) Juvenile Female Calakmul 4 
 C48 Calakmul Reserve Chumaquil (NB) Sub-adult Male Calakmul 4 
 C79 Calakmul Reserve Papagayo (AO) Sub-adult Female Calakmul 4 
 C80 Calakmul Reserve Porto Rico (AO) Juvenile Male Calakmul 4 
 C81 Calakmul Reserve Porto Rico (AO) Hatchling ? Calakmul 4 
 C82 Calakmul Reserve Porto Rico (AO) Hatchling ? Calakmul 4 
 C83 Calakmul Reserve Porto Rico (AO) Juvenile Male Calakmul 4 
 C84 Calakmul Reserve Porto Rico (AO) Juvenile Male Calakmul 4 
 C49 Calakmul Reserve Valeriana (Bel-Ha) Sub-adult Female Calakmul 4 
 C51 Calakmul Reserve Valeriana (Bel-Ha) Adult Female Calakmul 4 
 C52 Calakmul Reserve Valeriana (Bel-Ha) Juvenile Male Calakmul 4 
 C53 Calakmul Reserve Valeriana (Bel-Ha) Juvenile Male Calakmul 4 
 C54 Calakmul Reserve Valeriana (Bel-Ha) Juvenile Male Calakmul 4 
 C55 Calakmul Reserve Valeriana (Bel-Ha) Adult Female Calakmul 4 
 C56 Calakmul Reserve Valeriana (Bel-Ha) Sub-adult Male Calakmul 4 
 C57 Calakmul Reserve Valeriana (Bel-Ha) Juvenile Male Calakmul 4 
 C58 Calakmul Reserve Valeriana (Bel-Ha) Juvenile ? Calakmul 4 
 C59 Calakmul Reserve Valeriana (Bel-Ha) Sub-adult Male Calakmul 4 
 C34 Calakmul Reserve Flores Magón Sub-adult Female Calakmul 4 
 C35 Calakmul Reserve Flores Magón Adult Male Calakmul 4 
 C36 Calakmul Reserve Manuel Rejón Yearling ? Calakmul 5 
 C37 Calakmul Reserve Manuel Rejón Yearling ? Calakmul 5 
 C38 Calakmul Reserve Manuel Rejón Yearling ? Calakmul 5 
 C60 Calakmul Reserve Km26 (ZNS) Sub-adult Male Calakmul 6 
 C61 Calakmul Reserve Km26 (ZNS) Sub-adult Female Calakmul 6 
 C62 Calakmul Reserve Km26 (ZNS) Sub-adult Female Calakmul 6 
 C63 Calakmul Reserve Km26 (ZNS) Sub-adult Female Calakmul 6 
 C64 Calakmul Reserve Km26 (ZNS) Juvenile Male Calakmul 6 
 C65 Calakmul Reserve Km26 (ZNS) Yearling Male Calakmul 6 
 C66 Calakmul Reserve Km26 (ZNS) Adult Female Calakmul 6 
 C67 Calakmul Reserve Km26 (ZNS) Adult Female Calakmul 6 
 C68 Calakmul Reserve Ramonal I (ZNS) Adult Female Calakmul 6 
 C69 Calakmul Reserve Ramonal I (ZNS) Juvenile Male Calakmul 6 
 C71 Calakmul Reserve Ramonal I (ZNS) Juvenile Male Calakmul 6 
 C73 Calakmul Reserve Ramonal I (ZNS) Juvenile Female Calakmul 6 
 C74 Calakmul Reserve Ramonal I (ZNS) Yearling Male Calakmul 6 
 C75 Calakmul Reserve Ramonal I (ZNS) Juvenile Female Calakmul 6 
 C76 Calakmul Reserve Ramonal I (ZNS) Juvenile Male Calakmul 6 
 C86 Calakmul Reserve Ramonal II (ZNS) Juvenile Male Calakmul 6 
 C87 Calakmul Reserve Ramonal II (ZNS) Sub-adult Female Calakmul 6 
 C88 Calakmul Reserve Ramonal II (ZNS) Juvenile Female Calakmul 6 
 C89 Calakmul Reserve Ramonal II (ZNS) Juvenile Male Calakmul 6 
 C90 Calakmul Reserve Ramonal II (ZNS) Juvenile Female Calakmul 6 
 C91 Calakmul Reserve Ramonal II (ZNS) Hatchling Female Calakmul 6 
 C92 Calakmul Reserve Ramonal II (ZNS) Hatchling Female Calakmul 6 
 C93 Calakmul Reserve Ramonal II (ZNS) Juvenile Male Calakmul 6 
 C94 Calakmul Reserve Ramonal II (ZNS) Juvenile Male Calakmul 6 
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Chapter 5 – General discussion and concluding remarks 
5.1 Key Findings 
This PhD project had three major aims: 1) Update current knowledge on aquatic 
habitat in CBR, by providing descriptive information characterizing waterbodies in the 
region (aguadas) through details on their general structure and water quality; 2) 
Provide baseline data on C. moreletii populations in CBR by estimating local 
abundances in aguadas and total population sizes across the region; 3) Describe the 
population structure of C. moreletii in Calakmul (CBR and surrounding areas) by using 
a genotyping by sequencing (ddRAD-Seq) approach to characterize the species 
genetic profile across the region. In investigating these questions, the following key 
findings were made: 
1) The shape and size of aguadas varied seasonally in response to fluctuations in 
annual precipitation, and prolonged drought periods which increasingly affect the 
region severely limit water availability for wildlife (Chapter 2). 
2) Aguada contain generally nutrient-rich water, with most sites exceeding the 
maximum limits defined by ecological criteria for freshwater environments in Mexico 
(CE-CCA-001/89 1989). This suggests that, due to the specific characteristics and 
dynamics of the region, existing guidelines may not be suitable for assessing water 
quality in waterbodies such as the aguadas of Calakmul (Chapter 2). 
3) A structured citizen science project for aguada monitoring in Calakmul, involving 
local communities and organized surveying campaigns twice a year was initiated as 
an effective method for large-scale aquatic habitat surveillance in the long-term 
(Chapter 2). 
4) N-mixture models applied to spotlight count data have provided insightful estimates 
of crocodylian detection rates and local abundances in a dynamic environment, 
enabling insights into population responses to local environmental conditions by 
facilitating pooling of information of both small aguadas and large lakes and allowing 
comparisons between highly heterogeneous survey sites (Chapter 3).  
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5) Extrapolating abundance estimates across Calakmul yielded in an estimated 
~12,000 C. moreletii present, highlighting the region is an important global stronghold 
for this species (Chapter 3). 
6) Calakmul still harbours a demographically healthy population of non-admixed 
Crocodylus moreletii, unlike what has been reported in other parts of the Yucatan 
Peninsula where genetic pollution through increased hybridization with the American 
crocodile (Crocodylus acutus) is common (Chapter 4). 
7) Crocodylus moreletii shows a distinct genetic structure across Calakmul, with the 
six main geographical regions where crocodiles were sampled being grouped into 
three different genetic clusters (Chapter 4).  
8) The spatial population structure within each region is determined by, and reflected 
in extended family networks as revealed by parentage inferences (Chapter 4). 
5.2 General Discussion 
Calakmul Biosphere Reserve (CBR) in southern Mexico is an UNESCO World 
Heritage Site of Culture and Nature, due to a forest containing outstanding biodiversity 
and surrounding multiple ancient Maya ruins sites, including the city of Calakmul with 
a population of up to 150,000 people during the height of its power between 250BC – 
900AD (Folan, 1988; Gunn et al., 2002; Faust & Folan, 2015). This area is 
characterised by tropical deciduous forest, which differs from regular tropical 
rainforests by lower amounts of yearly rainfall than what is typically expected within a 
tropical rainforest environment (Murphy & Lugo, 1986; Bullock & Solis-Magallanes, 
1990). Although many species that occur in humid rainforests are present in Calakmul 
(e.g. Duellman & Klaas, 1964), their temporal abundance and distribution patterns 
within the reserve are directly influenced by fluctuations in water availability 
(Hernández‐Ordóñez et al., 2015). 
One important feature of the region of Calakmul is the absence of rivers and 
permanent water sources (García-Gil, 2000; García-Gil et al., 2002). The forest 
structure is heavily affected by distance from semi-temporary lakes, locally known as 
aguadas, which are formed in the wet season and act as a crucial resource for a wide 
variety of species (Hernández-Huerta et al., 2000; Martínez-Kú et al., 2008; Reyna-
Hurtado et al., 2019; Sánchez-Pinzón et al., 2020). With reduced water availability 
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compared to other types of forest, these aguadas act as a hub for fauna, offering 
drinking and bathing spots for large mammals such as tapirs (Reyna-Hurtado et al., 
2016) and providing semi-permanent homes for fish (Valencia Díaz, 2001; Vega-
Cendejas et al., 2013), amphibians and reptiles (Cedeño-Vázquez et al., 2006a; 
Colston et al., 2015). Aguadas in Calakmul appear to have been systematically drying 
up (Ericson et al., 2001; Morales & Pantí, 2015; Slater et al., 2020), which may have 
potential long-term ramifications for species that depend on these freshwater habitats 
(Zacharias & Zamparas, 2010; Reyna-Hurtado et al., 2019; Sánchez-Pinzón et al., 
2020; Slater et al., 2020). 
Chapter 2 provided evidence that the prolonged drought affecting the region during 
the 2016 – 2019 monitoring period (Márdero et al., 2019; Reyna-Hurtado et al., 2019) 
severely and detrimentally limited water availability in aguada habitats, which 
inherently impacted the surrounding forested habitat, human communities and species 
that rely on these water sources. Although drought severely reduced the amount of 
water held by aguadas in Calakmul, its impacts varied by geographical zone, with the 
Southern Core and Buffer zones experiencing similarly severe declines in water 
availability during the study period. Local populations of felid and ungulates species in 
these most affected areas, for example, migrated further south towards more humid 
environments (Slater et al., 2020). Informal interviews during the study period also 
showed that, in areas severely affected by drought, locals that lived from agriculture 
or beekeeping traded these activities for other type of employment to sustain their 
families (Barão-Nóbrega, unpublished information).  
After several years of drought, the soil in many aguadas had completely dried up by 
2019, losing the layer of putrefying litter that prevents water seepage. In these 
conditions, despite the precipitation events in the rainy season, the aguadas did not 
always fill due to water being absorbed by herbaceous and arbustive vegetation that 
colonized desiccated sites or infiltration through the fine soil and limestone karst 
substrate. A possible action plan to counteract this process involves human 
intervention by scything of the opportunistic vegetation, adding water to the dry soil to 
create mud and trample a significant amount of leaf-litter into it so for decomposition 
and to serve as building blocks for the re-impermeabilization of the sediment. This 
method of aguada rehabilitation was trialled by Operation Wallacea and CBR’s reserve 
management immediately before the peak of rains in 2019 in sites that have been 
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desiccated for more than 4 years, and has shown promising results: manipulated 
aguadas were able to accumulate rainfall for the first time in many years (Slater et al., 
2020). 
An emergent threat to wildlife and aquatic environments in the region of Calakmul is 
the Mayan Train megaproject (https://www.trenmaya.gob.mx/) currently being 
promoted by the Mexican government as an engine for social development and 
energise the regional economy across the Yucatan Peninsula (Pskowski, 2019). It has 
unleashed controversy between those who back the administration’s propaganda and 
those who question the railway because of its potential environmental, social and 
cultural impacts, as well as the risk of fuelling illegal activities (Godoy, 2020). A major 
worry is the inherent negative environmental impacts on the environmental services 
provided by the affected ecosystems, particularly in areas critical to the recharge of 
groundwater aquifers in the Yucatan Peninsula: 1) the geo-hydrogeological network 
encompassing the ring of cenotes (sinkholes) around the Chicxulub crater in northwest 
Yucatan (https://whc.unesco.org/en/tentativelists/5784/); and 2) the forests of the 
Calakmul region, where harvested waters are transported and collected, eventually 
flowing into the main coastal systems of the Yucatan Peninsula and feeding six of its 
nine sub-basins (Palacios, 2020). Attempts to mitigate the trainline impacts in the 
region are currently being explored (i.e. identifying the less impactful route to both the 
environment and wildlife), and Operation Wallacea has been invited to take active part 
in the environmental impact assessment discussion, particularly related to the 
protection of aguada habitats in the region. 
It is not yet clear how herpetofauna assemblages in Calakmul change in relation to 
size, hydroperiod or the type of vegetation within and surrounding aguadas (Slater et 
al., 2020). Moreover, little is known about the response mechanisms and local 
migration patterns employed by herpetofauna (particularly turtles and crocodiles) 
triggered by water availability. Prolonged droughts limit water availability in aguadas 
across the CBR, and so it is important to understand how these habitat changes affect 
species such as C. moreletii, that depend on them. This was the main incentive for the 
quantification of the environment-dependent abundances and habitat preferences of 
C. moreletii in CBR, as accurate estimates of relative abundance and total population 
sizes provide baseline information for population ecological investigations 
(Sutherland, 2006; Bötsch et al., 2019; Costa et al., 2020).  
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In Chapter 3, spotlight count data were analysed to estimate local abundances and 
total population size of C. moreletii in the region of Calakmul through methodologies 
which have been historically used for studies involving crocodylian species (minimum 
population size and visible fraction), in comparison to a binomial N-mixture approach. 
The findings highlight that N-mixture modelling can provide reliable estimates of C. 
moreletii abundance and population size from spotlight count data. This study 
constitutes the first population size estimates for the south-central region of the 
Yucatan Peninsula, and reveals a healthy population composed of multiple active 
reproduction areas across the region. The N-mixture models applied to C. moreletii 
spotlight count data resulted in particularly insightful estimates of crocodile detection 
and abundance in Calakmul, by allowing comparisons between highly heterogeneous 
survey sites and facilitating information of both small aguadas and large lakes to be 
pooled together. N-mixture models may then provide an overall more comprehensive 
framework for the monitoring and management of crocodylian populations in general, 
as abundance and detection probability can be accurately estimated also in situations 
involving a high degree of environmental stochasticity. N-mixture approaches can 
provide a rich ground for investigations aiming to analyse information relevant to future 
conservation management plans and should be more commonly integrated in survey 
methodologies and monitoring schemes of not only crocodylians, but also other groups 
due to the versatility of these models to analyse count data and provide insight to 
population responses to environmental conditions (e.g. see Ward et al., 2017; Duarte 
et al., 2018; Kidwai et al., 2019; Costa et al., 2020). As for C. moreletii, the national 
monitoring program in Mexico (Sánchez-Herrera et al., 2011) should consider 
integrating a N-mixture modelling framework to analyse their survey data to better 
understand C. moreletii population dynamics at both local and national scales. 
Furthermore, this monitoring program would also be a suitable testing ground for the 
creation of a potential user-friendly platform for N-mixture modelling analyses of 
abundance (similar to what has been done for example for distance sampling; 
http://distancesampling.org/), allowing a wider range of local managers to analyse their 
data in a easy to follow standardized system. One of the current deterrents for the use 
of N-mixture approaches is the amount of time and knowledge needed to carry out the 
analyses when using packages in R (Fiske & Chandler, 2011; R Development Core 
Team, 2019).  
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Chapter 4 demonstrated the power of these RADseq technologies to discern genetic 
structure amongst wild crocodile populations across Calakmul, and to investigate the 
presence of Crocodylus moreletii – Crocodylus acutus hybrids. The knowledge that 
can be acquired from the genome of a study species depends on the type of molecular 
marker used (Amos & Balmford, 2001; Vega et al., 2017; Vashistha et al., 2020). 
Microsatellite markers were firstly employed in 1994 in non-model organisms to 
discern patterns of genetic variation, not previously possible using mitochondrial DNA 
or other methods of DNA fingerprinting, in a study involving a remnant population of 
the northern-hairy nosed wombat Lasiorhinus krefftii (Taylor et al., 1994). Since then, 
microsatellites have revolutionised population genetics, providing insights into the 
structure and demographic history of populations and species, the relationships and 
origins of individuals, dispersal patterns of offspring, and the impact of landscape 
features on migration and population structure (Selkoe & Toonen, 2006; Sarre & 
Georges, 2009). Over the past decade, a revolution of similar magnitude is underway 
(Andrews et al., 2016), as novel technologies such as RADseq offer the potential to 
genotype individuals at thousands of loci in both coding and non-coding regions 
(Brookes, 1999; Davey & Blaxter, 2011). The power of RADseq approaches is also 
increasingly applied to generate SNP datasets to investigate questions relevant for 
crocodylian conservation programs, such as the identification of evolutionary lineages, 
hybridization between species, population structure and genetic diversity (Muniz et al., 
2018; Nguyen et al., 2018; Pacheco-Sierra et al., 2018; Cao et al., 2020), and over 
the coming years, studies using these techniques are sure to multiply. 
The results from Chapter 4 show that the region of Calakmul, unlike what has been 
reported in other parts of the Yucatan Peninsula (Pacheco-Sierra et al., 2016; 
Pacheco-Sierra et al., 2018), still holds a healthy population of non-admixed C. 
moreletii individuals. This finding is of high conservation significance as the only other 
two non-admixed C. moreletii populations inhabit isolated locations at the very 
opposite ends of Mexico, exhibit low population numbers and low, homogenised levels 
of genetic diversity, making them vulnerable to an extinction vortex (Pacheco-Sierra 
et al., 2018). Although C. moreletii is a species protected by the Mexican law as 
conservation dependant (NOM-059-ECOL-2001) and internationally listed by IUCN 
(Least Concern) and CITES (Appendix II), conservation guidelines and protection for 
the C. moreletii – C. acutus complex are in urgent need of review, as the vast majority 
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of individuals and populations routinely identified as C. moreletii are in fact admixed 
(Pacheco-Sierra et al., 2016). Naturally occurring C. moreletii – C. acutus hybrid 
populations need to be considered for their conservation value (Jackiw et al., 2015; 
Pacheco-Sierra et al., 2018), but, more importantly, the three non-admixed C. moreletii 
populations identified require different categorization than their hybrid counterparts 
due to their more endangered nature (Pacheco-Sierra et al., 2016).  
Conservation recommendations and actions based on nominal species alone (e.g. C. 
moreletii) can lead to a false sense of protection, while in reality certain lineages of 
that species can be threatened and may be in a need to lineage-specific conservation 
measures (Muniz et al., 2018). It is therefore important to identify intraspecific units 
below the species level for conservation purposes so that the often-limited resources 
can be utilized optimally (Ryder, 1986). Evolutionary Significant Units (ESUs) and 
Management Units (MUs) have long been recognized as appropriate units of 
conservation (e.g. see Ryder, 1986; Moritz et al., 1995; de Guia & Saitoh, 2006; 
Casacci et al., 2013; Zhao et al., 2020). ESUs often represent lineages adapted to 
local environmental conditions that once extinct may not be replaced by emigrants 
(Funk et al., 2012), and are the logical units for species monitoring since preserving 
the genetic diversity of each unit will also conserve genetic diversity and evolutionary 
potential of the species as a whole (Moritz et al., 1995). The three non-admixed 
lineages of C. moreletii are natural candidates for differentially optimized management 
strategies and should be recognized as ESUs as they are highly vulnerable to 
becoming genetically absorbed by the surrounding hybrid lineages (see Pacheco-
Sierra et al., 2016; Pacheco-Sierra et al., 2018). This is particularly relevant if there is 
significant increase in human-mediated hybridization resultant from translocations or 
facilitated dispersal. Ignoring independent evolutionary lineages could lead to incorrect 
inferences about a species’ resilience and adaptive potential in a changing 
environment by implicitly or explicitly assuming the functional and evolutionary 
equivalence of these lineages (Frankham et al., 2004; Muniz et al., 2018). 
Demographic and genetic structure in aquatic species, such as crocodiles, particularly 
in locations where restrictions to gene flow are influenced by topographic changes and 
seasonal isolation, are highly influenced by aquatic habitat availability and water-level 
fluctuations (Monsen & Blouin, 2003; Velo-Antón et al., 2014). In Calakmul, 
topography and geographical distance appear to govern the genetic population 
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structure of C. moreletii in the region of Calakmul, as different analytical approaches 
independently highlight a pattern of pronounced differentiation between 
geographically distinct locations. At a local scale, spatial aggregations of crocodiles in 
aguada habitats, which generally only support one or two reproductively active pairs, 
coupled with field observations on overall demographic structure and philopatric 
behaviour indicate that individuals inhabiting the same area represent a genetic unit 
(i.e. local population). Although no permanent aquatic dispersal corridors for C. 
moreletii exist in Calakmul, during the peak of the rainy season (October – December), 
temporary dispersal corridors between aguada sites within a region are occasionally 
formed by flooding in lowland forests (Reyna-Hurtado et al., 2010; Reyna-Hurtado et 
al., 2019). These periodical and short-timed events allow temporal seasonal 
connectivity to otherwise isolated aguada habitats, which likely resulted in the 
extended family network pattern within each region observed in the relatedness 
analyses. Future studies should attempt to combine information on crocodile 
movements and relatedness using techniques such as radio-telemetry. Attempts to 
carry out such an experiment were conducted during this PhD project using TGB 
transmitters (VHF & GPS + Wireless communication), but unfortunately proved 
unsuccessful as units for data transfer could not become relocated. If ever recovered, 
the units will still provide insight into crocodile dispersion patterns in the region, GPS 
movement data are still stored after battery depletion. Although unsuccessful, this 
telemetry experiment laid the stepping stones for the development of a project aimed 
at upgrading drones with low-cost autonomous devices to track multiple signals from 
VHF transmitters at the same time, which will significantly boost signal tracking 
capabilities to ground teams in densely forested environments such as the CBR 
(Desrochers et al., 2018; Muller et al., 2019). 
The environmental and ecological features shaping the hydrological dynamics of 
aquatic habitats and the population structure of the Morelet’s crocodile across 
Calakmul are more complex than what has been explored in this study, and there are 
still many questions to be answered: 1) With cyclical droughts in the CBR and following 
the recent “2020 reset” due abnormally high rainfall, should a similar pattern of spatial 
and temporal desiccation across the region be expected in the next five years? 2) 
Does crocodile adaptation to desiccation in aguadas vary across locations, sex, and 
size classes? Also, are crocodiles more likely to migrate over land in the forest to reach 
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a location that still has water or to aestivate in crocodile dens within the aguada or in 
the surrounding forest?; 3) Does population structure in aguada habitats in the 
adjacent El-Mirador National Park (Guatemala) mirror what has been registered in 
Calakmul? If so, does it also harbour non-admixed populations of C. moreletii? 4) 
Should crocodiles inhabiting the eco-region encompassing Calakmul – El-Mirador be 
considered as one or multiple ESUs?  
The results herein represent valuable baseline information of the habitat 
characteristics available to aquatic fauna such as crocodiles, and can serve as a 
baseline and also provide the foundation for more comprehensive future studies 
involving aquatic environment not only in CBR, but also across the entire Selva Maya. 
Taken together, the findings of this PhD project constitute valuable information for 
management actions towards the conservation of C. moreletii populations in aguada 
habitats, where it generally serves as an umbrella species for the biodiversity that 
occurs in them. In Calakmul Biosphere Reserve, the information produced during this 
PhD project has already become embedded into management programs and 
conservation plans by local environmental authorities and supported the reserve’s 
application for aguadas to become wetlands of international importance under the 
Ramsar Convention (https://www.ramsar.org/), which further highlights the importance 




6. References Cited 
 
Aanensen, D. M., Huntley, D. M., Feil, E. J., al-Own, F., & Spratt, B. G. (2009). 
EpiCollect: linking smartphones to web applications for epidemiology, ecology 
and community data collection. PLoS One, 4(9), e6968. 
https://www.doi.org/10.1371/journal.pone.0006968 
Aanensen, D. M., Huntley, D. M., Menegazzo, M., Powell, C. I., & Spratt, B. G. (2014). 
EpiCollect+: linking smartphones to web applications for complex data 
collection projects. F1000Research, 3, 199. 
https://www.doi.org/10.12688/f1000research.4702.1 
Abbott, R., Albach, D., Ansell, S., Arntzen, J. W., Baird, S. J., Bierne, N., . . . Zinner, 
D. (2013). Hybridization and speciation. Journal of Evolutionary Biology, 26(2), 
229-246. https://www.doi.org/10.1111/j.1420-9101.2012.02599.x 
Ahlers, A. A., Schooley, R. L., Heske, E. J., & Mitchell, M. A. (2010). Effects of flooding 
and riparian buffers on survival of muskrats (Ondatra zibethicus) across a 
flashiness gradient. Canadian Journal of Zoology, 88(10), 1011-1020.  
Akaike, H. (1974). A new look at the statistical model identification. IEEE Transactions 
on Automatic Control, 19(6), 716-723. 
https://doi.org/10.1109/TAC.1974.1100705 
Alcocer, J., Lugo, A., Marín, L. E., & Escobar, E. (1998). Hydrochemistry of waters 
from five cenotes and evaluation of their suitability for drinking-water supplies, 
ortheastern Yucatan, Mexico. Hydrogeology Journal, 6(2), 293-301. 
https://doi.org/10.1007/s100400050152 
Allendorf, F. W., Leary, R. F., Spruell, P., & Wenburg, J. K. (2001). The problems with 
hybrids: setting conservation guidelines. Trends in Ecology & Evolution, 16(11), 
613-622. https://doi.org/10.1016/S0169-5347(01)02290-X 
Allendorf, F. W., & Luikart, G. (2007). Conservation and the genetics of populations. 
Victoria, Australia: Blackwell Publishing. 
115 
 
Alvarez del Toro, M. (1974). Los crocodylia de Mexico: Estudio comparativo. Mexico: 
Instituto Mexicano de Recursos Naturales Renovables. 
Álvarez, J. (2005). Notice of finding on a petition to delist the Morelet's crocodile from 
the List of Threatened and Endangered Species. Federal Register, 71(124), 
36743-36745.  
Amavet, P. S., Rosso, E., Markariani, R., & Piña, C. I. (2008). Microsatellite DNA 
markers applied to detection of multiple paternity in Caiman latirostris in Santa 
Fe, Argentina. Journal of Experimental Zoology Part A: Ecological Genetics and 
Physiology, 309A(10), 637-642. https://doi.org/10.1002/jez.496 
Amavet, P. S., Vilardi, J. C., Rueda, E. C., Larriera, A., & Saidman, B. O. (2012). 
Mating system and population analysis of the broad-snouted caiman (Caiman 
latirostris) using microsatellite markers. Amphibia-Reptilia, 33(1), 83-93. 
https://www.doi.org/10.1163/156853812x624423 
Amos, W., & Balmford, A. (2001). When does conservation genetics matter? Heredity, 
87(3), 257-265. https://doi.org/10.1046/j.1365-2540.2001.00940.x 
Anderson, E. C., & Thompson, E. A. (2002). A model-based method for identifying 
species hybrids using multilocus genetic data. Genetics, 160(3), 1217-1229. 
Retrieved from https://www.genetics.org/content/genetics/160/3/1217.full.pdf 
Andrews, K. R., Good, J. M., Miller, M. R., Luikart, G., & Hohenlohe, P. A. (2016). 
Harnessing the power of RADseq for ecological and evolutionary genomics. 
Nature Reviews Genetics, 17(2), 81-92. https://doi.org/10.1038/nrg.2015.28 
Archie, E. A., Moss, C. J., & Alberts, S. C. (2006). The ties that bind: genetic 
relatedness predicts the fission and fusion of social groups in wild African 
elephants. Proceedings of the Royal Society B: Biological Sciences, 273(1586), 
513-522. https://doi.org/10.1098/rspb.2005.3361 
Balaguera-Reina, S. A., & Densmore III, L. D. (2014). Legislation and conservation 
efforts concerning crocodiles in Colombia: a historical review. Herpetological 
Review, 45(4), 638-642.  
116 
 
Balaguera-Reina, S. A., Venegas-Anaya, M. D., Rivera-Rivera, B., Morales Ramírez, 
D. A., & Densmore III, L. D. (2018). How to estimate population size in 
crocodylians? Population ecology of American crocodiles in Coiba Island as 
study case. Ecosphere, 9(10), e02474. https://doi.org/10.1002/ecs2.2474 
Balmford, A., & Cowling, R. (2006). Fusion or failure? The future of conservation 
biology. Conservation Biology, 20(3), 692-695. https://doi.org/10.1111/j.1523-
1739.2006.00434.x 
Barão-Nóbrega, J. A. L. (2019). Aguadas of Calakmul: An update on location and 
general structure information of waterbodies in the region of Calakmul, 
Campeche, Mexico. doi:https://doi.org/10.13140/RG.2.2.31220.81289/1 
Barão-Nóbrega, J. A. L., Marioni, B., Botero-Arias, R., Nogueira, A. J. A., Lima, E. S., 
Magnusson, W. E., . . . Marcon, J. L. (2017). The metabolic cost of nesting: 
body condition and blood parameters of Caiman crocodilus and Melanosuchus 
niger in Central Amazonia. Journal of Comparative Physiology B, 188(1), 127-
140. https://doi.org/10.1007/s00360-017-1103-8 
Barão-Nóbrega, J. A. L., Marioni, B., Dutra-Araujo, D., Botero-Arias, R., Nogueira, A. 
J. A., Magnusson, W. E., & Da Silveira, R. (2016a). Nest atendance influences 
the diet of nesting female spectacled caiman (Caiman crocodilus) in Central 
Amazonia, Brazil. The Herpetological Journal, 26(2), 65-71.  
Barão-Nóbrega, J. A. L., Nahuat-Cervera, P. E., Avella, I., Capehart, G., Garcia, B., 
Oakley, J., . . . Slater, K. Y. (2020). Herpetological diversity of Calakmul 
(Campeche, Mexico): an updated species list with new distribution notes. 
Amphibian & Reptile Conservation, 14(2), xxx-xxx.  
Barão-Nóbrega, J. A. L., Puls, S., Acton, C., & Slater, K. (2016b). Crocodylus moreletii 
(Morelet’s crocodile). Movement. Herpetological Review, 47(2), 291-291.  
Barker, R. J., Schofield, M. R., Link, W. A., & Sauer, J. R. (2018). On the reliability of 




Barth, J. M. I., Gubili, C., Matschiner, M., Tørresen, O. K., Watanabe, S., Egger, B., . 
. . Schabetsberger, R. (2020). Stable species boundaries despite ten million 
years of hybridization in tropical eels. Nature Communications, 11(1), 1433. 
https://doi.org/10.1038/s41467-020-15099-x 
Bayliss, P. (1987). Survey methods and monitoring within crocodile management 
programmes. In G. Webb, S. C. Manolis, & P. J. Whitehead (Eds.), Wildlife 
Management: Crocodiles and Alligators (pp. 157-175). Chipping Norton - NSW, 
Australia: Surrey Beatty & Sons. 
Bayliss, P., Webb, G. J. W., Whitehead, P. J., Dempsey, K., & Smith, A. (1986). 
Estimating the abundance of saltwater crocodiles, Crocodylus porosus 
Schneider, in tidal wetlands of the northern territory - a mark-recapture 
experiment to correct spotlight counts to absolute numbers, and the calibration 
of helicopter and spotlight count. Wildlife Research, 13(2), 309-320. 
https://doi.org/10.1071/WR9860309 
Beaupre, S. J., Jacobson, E. R., Lillywhite, H. B., & Zamudio, K. (2004). Guidelines 
for the use of live amphibians and reptiles in field and laboratory research. 
American Society of Ichthyologists and Herpetologists. Retrieved from 
http://www.asih.org/sites/default/files/documents/resources/guidelinesherpsre
search2004.pdf 
Beebee, T. J. C., & Griffiths, R. A. (2005). The amphibian decline crisis: a watershed 
for conservation biology? Biological Conservation, 125(3), 271-285.  
Beebee, T. J. C., & Rowe, G. (2008). An introduction to molecular ecology (Second 
edition ed.). New York: Oxford University Press. 
Belant, J. L., Bled, F., Wilton, C. M., Fyumagwa, R., Mwampeta, S. B., & Beyer, D. E. 
(2016). Estimating lion abundance using N-mixture models for social species. 
Scientific Reports, 6(1), 35920. https://doi.org/10.1038/srep35920 
Biebighauser, T. R. (2002). A guide to creating vernal ponds: All the information you 




Blouin, M. S., Parsons, M., Lacaille, V., & Lotz, S. (1996). Use of microsatellite loci to 
classify individuals by relatedness. Molecular Ecology, 5(3), 393-401. 
https://doi.org/10.1046/j.1365-294X.1996.00094.x 
Bolpagni, R. (2020). Linking vegetation patterns, wetlands conservation, and 
ecosystem services provision: From publication to application. Aquatic 
Conservation: Marine and Freshwater Ecosystems, 30(9), 1734-1740. 
https://www.doi.org/10.1002/aqc.3358 
Bonnet, T., Leblois, R., Rousset, F., & Crochet, P. A. (2017). A reassessment of 
explanations for discordant introgressions of mitochondrial and nuclear 
genomes. Evolution, 71(9), 2140-2158. 
https://www.doi.org/10.1111/evo.13296 
Bonney, R., Cooper, C. B., Dickinson, J., Kelling, S., Phillips, T., Rosenberg, K. V., & 
Shirk, J. (2009). Citizen science: A developing tool for expanding science 
knowledge and scientific literacy. BioScience, 59(11), 977-984. 
https://doi.org/w10.1525/bio.2009.59.11.9 
Bonney, R., Shirk, J. L., Phillips, T. B., Wiggins, A., Ballard, H. L., Miller-Rushing, A. 
J., & Parrish, J. K. (2014). Next steps for citizen science. Science, 343(6178), 
1436-1437. http://doi.org/10.1126/science.1251554 
Boon, P. J., & Baxter, J. M. (2020). Putting publication into practice: A summary of the 
impact of selected articles published in Aquatic Conservation: Marine and 
Freshwater Ecosystems. Aquatic Conservation: Marine and Freshwater 
Ecosystems, 30(9), 1711-1718. https://www.doi.org/10.1002/aqc.3467 
Bötsch, Y., Jenni, L., & Kéry, M. (2019). Field evaluation of abundance estimates 
under binomial and multinomial N-mixture models. Ibis, 1-9. 
https://doi.org/10.1111/ibi.12802 
Bourke, A. F. G. (2011). Principles of Social Evolution. New York, NY: Oxford 
University Press. 
Bradbury, P. J., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y., & Buckler, 
E. S. (2007). TASSEL: software for association mapping of complex traits in 
119 
 
diverse samples. Bioinformatics, 23(19), 2633-2635. 
https://doi.org/10.1093/bioinformatics/btm308 
Briceño-Méndez, M., Reyna-Hurtado, R., Calmé, S., & García-Gil, G. (2014). 
Preferencias de hábitat y abundancia relativa de Tayassu pecari en un área 
con cacería en la región de Calakmul, Campeche, México. Revista Mexicana 
de Biodiversidad, 85(1), 242-250. https://doi.org/10.7550/rmb.31937 
Brochu, C. A. (2003). Phylogenetic approaches toward Crocodylian history. Annual 
Review of Earth and Planetary Sciences, 31(1), 357-397. 
https://www.doi.org/10.1146/annurev.earth.31.100901.141308 
Bromham, L. (2002). Molecular clocks in reptiles: Life history influences rate of 
molecular evolution. Molecular Biology and Evolution, 19(3), 302-309. 
https://www.doi.org/10.1093/oxfordjournals.molbev.a004083 
Brookes, A. J. (1999). The essence of SNPs. Gene, 234(2), 177-186. 
https://doi.org/10.1016/S0378-1119(99)00219-X 
Brooks, T. M., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A., Rylands, A. 
B., Konstant, W. R., . . . Magin, G. (2002). Habitat loss and extinction in the 
hotspots of biodiversity. Conservation Biology, 16(4), 909-923.  
Buchman, M. F. (2008). NOAA screening quick reference tables. Retrieved from 
Seattle, WA:  
Budd, K. M., Spotila, J. R., & Mauger, L. A. (2015). Preliminary Mating Analysis of 
American Crocodiles, Crocodylus acutus, in Las Baulas, Santa Rosa, and Palo 
Verde National Parks, Guanacaste, Costa Rica. South American Journal of 
Herpetology, 10(1), 4-9. https://doi.org/10.2994/SAJH-D-14-00022.1 
Bullock, S. H., & Solis-Magallanes, J. A. (1990). Phenology of canopy trees of a 
tropical deciduous forest in Mexico. Biotropica, 22-35. 
http://doi.org/10.2307/2388716 
Burgarella, C., Lorenzo, Z., Jabbour-Zahab, R., Lumaret, R., Guichoux, E., Petit, R. 
J., . . . Gil, L. (2009). Detection of hybrids in nature: application to oaks (Quercus 
120 
 
suber and Q. ilex). Heredity, 102(5), 442-452. 
https://doi.org/10.1038/hdy.2009.8 
Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel inference: 
a practical information-theoretic approach (2nd ed.). New York: Springer. 
Burnham, K. P., Anderson, D. R., & Huyvaert, K. P. (2011). AIC model selection and 
multimodel inference in behavioral ecology: some background, observations, 
and comparisons. Behavioral Ecology and Sociobiology, 65(1), 23-35. 
https://doi.org/10.1007/s00265-010-1029-6 
Burton Jr, G. A. (2002). Sediment quality criteria in use around the world. Limnology, 
3(2), 65-76. https://doi.org/10.1007/s102010200008 
Callaghan, C. T., Rowley, J. J. L., Cornwell, W. K., Poore, A. G. B., & Major, R. E. 
(2019). Improving big citizen science data: Moving beyond haphazard 
sampling. PLoS Biology, 17(6), e3000357. 
https://www.doi.org/10.1371/journal.pbio.3000357 
Camacho-Cruz, K. A., Ortiz-Hernandez, M. C., Sanchez, A., Carrillo, L., & De Jesus 
Navarrete, A. (2020). Water quality in the eastern karst region of the Yucatan 
Peninsula: nutrients and stable nitrogen isotopes in turtle grass, Thalassia 
testudinum. Environmental Science and Pollution Research, 27(14), 15967-
15983. https://doi.org/10.1007/s11356-019-04757-3 
Campos, Z., Muniz, F. L., Desbiez, A. L. J., & Magnusson, W. E. (2016). Predation on 
eggs of Schneider’s dwarf caiman, Paleosuchus trigonatus (Schneider, 1807), 
by armadillos and other predators. Journal of Natural History, 50(25-26), 1543-
1548. https://doi.org/10.1080/00222933.2016.1155782 
Cao, R., Somaweera, R., Brittain, K., FitzSimmons, N. N., Georges, A., & Gongora, J. 
(2020). Genetic structure and diversity of Australian freshwater crocodiles 
(Crocodylus johnstoni) from the Kimberley, Western Australia. Conservation 
Genetics, 21, 421–429. https://doi.org/10.1007/s10592-020-01259-5 
121 
 
Carr III, A. (1999). Biological monitoring in the Selva Maya. In A. Carr III & A. C. D. 
Stoll (Eds.), Biological Monitoring in the Selva Maya (pp. 6-9). Gainsville: US 
Man and the Biosphere and Wildlife Conservation Society. 
Carrillo-Reyna, N., Reyna-Hurtado, R., & Schmook, B. (2015). Abundancia relativa y 
selección de hábitat de Tapirus bairdii en las reservas de Calakmul y Balam 
Kú, Campeche, México. Revista Mexicana de Biodiversidad, 86(1), 202-207. 
https://doi.org/10.7550/rmb.40247  
Casacci, L. P., Barbero, F., & Balletto, E. (2013). The “Evolutionarily Significant Unit” 
concept and its applicability in biological conservation. Italian Journal of 
Zoology, 81(2), 182-193. https://www.doi.org/10.1080/11250003.2013.870240 
Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. A. (2013). 
Stacks: an analysis tool set for population genomics. Molecular Ecology, 
22(11), 3124-3140. https://doi.org/10.1111/mec.12354 
Cedeño-Vázquez, J. R., Calderón-Mandujano, R. R., & Pozo, C. (2006a). Anfibios de 
la región de Calakmul, Campeche, México. Chetumal, Mexico: Conabio & 
Ecosur. 
Cedeño-Vázquez, J. R., Platt, S. G., & Thorbjarnarson, J. B. (2012). Crocodylus 
moreletii. 
doi:http://dx.doi.org/10.2305/IUCN.UK.2012.RLTS.T5663A3045579.en 
Cedeño-Vázquez, J. R., Rodriguez, D., Calme, S., Ross, J. P., Densmore III, L. D., & 
Thorbjarnarson, J. B. (2008). Hybridization between Crocodylus acutus and 
Crocodylus moreletii in the Yucatan Peninsula: Evidence from mitochondrial 
DNA and morphology. Journal of Experimental Zoology Part a-Ecological 
Genetics and Physiology, 309A(10), 661-673. https://doi.org/10.1002/jez.473 
Cedeño-Vázquez, J. R., Ross, J. P., & Calme, S. (2006b). Population status and 
distribution of Crocodylus acutus and C. moreletii in southeastern Quintana 
Roo, Mexico. Herpetological Natural History, 10(1), 17-29.  
Cedeño-Vazquez, J. R., Villegas, A., & Sigler Moreno, L. (2011). Guía gráfica para 
identificación morfológica de Crocodylus moreletii y posibles híbridos con C. 
122 
 
acutus. In O. Sánchez-Herrera, G. L. Segurajáuregui, A. G. N. Ortiz de la 
Huerta, & H. Benítez Díaz (Eds.), Programa de Monitoreo del Cocodrilo de 
Pantano (Crocodylus moreletii) México-Belice-Guatemala México (pp. 207-
221). Mexico: Comisión Nacional para el Conocimiento y Uso de la 
Biodiversidad. 
Chandler, M., See, L., Copas, K., Bonde, A. M. Z., López, B. C., Danielsen, F., . . . 
Turak, E. (2017). Contribution of citizen science towards international 
biodiversity monitoring. Biological Conservation, 213, 280-294. 
https://www.doi.org/10.1016/j.biocon.2016.09.004 
Chapman, D. V., WHO, UNESCO, & UNEP. (1996). Water quality assessments: a 
guide to the use of biota, sediments and water in environmental monitoring (D. 
V. Chapman Ed. 2nd ed.). London: F&FN Spon. 
Chattopadhyay, B., Garg, K. M., Kumar, A. K. V., Doss, D. P. S., Rheindt, F. E., 
Kandula, S., & Ramakrishnan, U. (2016). Genome-wide data reveal cryptic 
diversity and genetic introgression in an Oriental cynopterine fruit bat radiation. 
BMC Evolutionary Biology, 16(1), 41. http://doi.org/10.1186/s12862-016-0599-
y 
Chattopadhyay, B., Garg, K. M., Soo, Y. J., Low, G. W., Frechette, J. L., & Rheindt, F. 
E. (2019). Conservation genomics in the fight to help the recovery of the 
critically endangered Siamese crocodile Crocodylus siamensis. Molecular 
Ecology, 28(5), 936-950. https://www.doi.org/10.1111/mec.15023 
Cherkiss, M. S., Mazzotti, F. J., & Rice, K. G. (2006). Effects of shoreline vegetation 
on visibility of American crocodiles (Crocodylus acutus) during spotlight 
surveys. Herpetological Review, 37, 37-40.  
Chesser, R. K., & Baker, R. J. (1996). Effective sizes and dynamics of uniparentally 
and diparentally inherited genes. Genetics, 144(3), 1225-1235. Retrieved from 
https://www.genetics.org/content/genetics/144/3/1225.full.pdf 
Chowdhury, R. R. (2006). Landscape change in the Calakmul Biosphere Reserve, 
Mexico: Modeling the driving forces of smallholder deforestation in land parcels. 
123 
 
Applied Geography, 26(2), 129-152. 
https://doi.org/10.1016/j.apgeog.2005.11.004 
Çilingir, F. G., Seah, A., Horne, B. D., Som, S., Bickford, D. P., & Rheindt, F. E. (2019). 
Last exit before the brink: Conservation genomics of the Cambodian population 
of the critically endangered southern river terrapin. Ecology and Evolution, 
9(17), 9500-9510. https://doi.org/10.1002/ece3.5434 
Cleveland, W. S. (1979). Robust locally weighted regression and smoothing 
scatterplots. Journal of the American Statistical Association, 74(368), 829-836. 
https://www.doi.org/10.1080/01621459.1979.10481038 
Coleman, D. C., Callaham, M. A., & Crossley Jr, D. (2017). Fundamentals of soil 
ecology. Oxford, UK: Academic press. 
Colston, T. J., Barão-Nóbrega, J. A. L., Manders, R., Lett, A., Willmott, J., Cameron, 
G., . . . Slater, K. Y. (2015). Amphibians and reptiles of the Calakmul Biosphere 
Reserve, México, with new records. Check List, 11(5), 1759. 
https://doi.org/10.15560/11.5.1759 
CONAGUA. (2019). Disposiciones Aplicables en Materia de Aguas Nacionales. 
México: Secretaría de Medio Ambiente y Recursos Naturales Retrieved from 
https://files.conagua.gob.mx/conagua/publicaciones/Publicaciones/CGRF-1-
19%20LFD.pdf 
Condit, R., Hubbell, S. P., & Foster, R. B. (1996). Assessing the response of plant 
functional types to climatic change in tropical forests. Journal of Vegetation 
Science, 7(3), 405-416.  
Corander, J., Marttinen, P., Sirén, J., & Tang, J. (2008). Enhanced Bayesian modelling 
in BAPS software for learning genetic structures of populations. BMC 
Bioinformatics, 9(1), 539. https://doi.org/10.1186/1471-2105-9-539 
Costa, A., Romano, A., & Salvidio, S. (2020). Reliability of multinomial N-mixture 
models for estimating abundance of small terrestrial vertebrates. Biodiversity 
and Conservation. https://doi.org/10.1007/s10531-02002006-5 
124 
 
Courtois, E. A., Michel, E., Martinez, Q., Pineau, K., Dewynter, M., Ficetola, G. F., & 
Fouquet, A. (2016). Taking the lead on climate change: modelling and 
monitoring the fate of an Amazonian frog. Oryx, 50(3), 450-459. 
https://doi.org/10.1017/S0030605315000083 
Couto, A. P., Ferreira, E., Torres, R. T., & Fonseca, C. (2017). Local and landscape 
drivers of pond-breeding amphibian diversity at the northern edge of the 
mediterranean. Herpetologica, 73(1), 10-17.  
Crooks, K. R., & Sanjayan, M. (2006). Connectivity Conservation. Cambridge: 
Cambridge University Press. 
Cuervo-Robayo, A. P., Ureta, C., Gómez-Albores, M. A., Meneses-Mosquera, A. K., 
Téllez-Valdés, O., & Martínez-Meyer, E. (2020). One hundred years of climate 
change in Mexico. PloS ONE, 15(7), e0209808. 
https://www.doi.org/10.1371/journal.pone.0209808 
Da Silveira, R., Magnusson, W. E., & Thorbjarnarson, J. B. (2008). Factors affecting 
the number of caimans seen during spotlight surveys in the Mamirauá Reserve, 
Brazilian Amazonia. Copeia, 2008(2), 425-430. https://doi.org/10.1643/CE-06-
035 
Dai, A. (2011). Drought under global warming: a review. Wiley Interdisciplinary 
Reviews: Climate Change, 2(1), 45-65. https://www.doi.org/10.1002/wcc.81w 
Davey, J. W., & Blaxter, M. L. (2011). RADSeq: next-generation population genetics. 
Briefings in Functional Genomics, 9(5-6), 416-423. 
https://doi.org/10.1093/bfgp/elq031 
Davis, L. M., Glenn, T. C., Elsey, R. M., Dessauer, H. C., & Sawyer, R. H. (2001). 
Multiple paternity and mating patterns in the American alligator, Alligator 
mississippiensis. Molecular Ecology, 10, 1011-1024. 
https://doi.org/10.1046/j.1365-294X.2001.01241.x 
de Guia, A. P. O., & Saitoh, T. (2006). The gap between the concept and definitions 
in the Evolutionarily Significant Unit: the need to integrate neutral genetic 
125 
 
variation and adaptive variation. Ecological Research, 22(4), 604-612. 
https://www.doi.org/10.1007/s11284-006-0059-z 
Delgado-Martínez, C. M., & Mendoza, E. (2020). La importancia de las sartenejas 
como fuente de agua para la fauna silvestre en la región de Calakmul, 
Campeche. Biodiversitas, 151, 2-6.  
Denes, F. V., Silveira, L. F., & Beissinger, S. R. (2015). Estimating abundance of 
unmarked animal populations: accounting for imperfect detection and other 
sources of zero inflation. Methods in Ecology and Evolution, 6(5), 543-556. 
https://doi.org/10.1111/2041-210X.12333 
Dennis, E. B., Morgan, B. J. T., & Ridout, M. S. (2015). Computational aspects of N-
mixture models. Biometrics, 71(1), 237-246. 
https://doi.org/10.1111/biom.12246 
Densmore III, L. D., & Glenn, T. (2008). 3rd International Workshop on Crocodylian 
Genetics and Genomics. Journal of Experimental Zoology, 309A, 569–570. 
https://doi.org/10.1002/jez.506 
Desrochers, A., Tremblay, J. A., Aubry, Y., Chabot, D., Pace, P., & Bird, D. M. (2018). 
Estimating wildlife tag location errors from a VHF receiver mounted on a drone. 
Drones, 2(4), 44. https://doi.org/10.3390/drones2040044 
Dever, J. A., & Densmore III, L. D. (2001). Microsatellites in Morelet's crocodile 
(Crocodylus moreletii) and their utility in addressing crocodilian population 
genetics questions. Journal of Herpetology, 35(3), 541-544. 
https://doi.org/10.2307/1565981 
Dever, J. A., Strauss, R. E., Rainwater, T. R., McMurry, S., & Densmore III, L. D. 
(2002). Genetic diversity, population subdivision, and gene flow in Morelet's 





DeWoody, J. A., & Avise, J. C. (2001). Genetic perspectives on the natural history of 
fish mating systems. Journal of Heredity, 92(2), 167-172. 
https://doi.org/10.1093/jhered/92.2.167 
Dickinson, J. L., Shirk, J., Bonter, D., Bonney, R., Crain, R. L., Martin, J., . . . Purcell, 
K. (2012). The current state of citizen science as a tool for ecological research 
and public engagement. Frontiers in Ecology and the Environment, 10(6), 291-
297. https://www.doi.org/10.1890/110236 
Dodds, K. G., McEwan, J. C., Brauning, R., van Stijn, T. C., Rowe, S. J., McEwan, K. 
M., & Clarke, S. M. (2019). Exclusion and Genomic Relatedness Methods for 
Assignment of Parentage Using Genotyping-by-Sequencing Data. G3: 
Genes|Genomes|Genetics, 9(10), 3239-3247. 
https://www.doi.org/10.1534/g3.119.400501 
Doren, R. F., Trexler, J. C., Gottlieb, A. D., & Harwell, M. C. (2009). Ecological 
indicators for system-wide assessment of the greater everglades ecosystem 
restoration program. Ecological Indicators, 9(6), S2-S16. 
https://doi.org/10.1016/j.ecolind.2008.08.009 
Duarte, A., Adams, M. J., & Peterson, J. T. (2018). Fitting N-mixture models to count 
data with unmodeled heterogeneity: Bias, diagnostics, and alternative 
approaches. Ecological Modelling, 374, 51-59. 
https://doi.org/10.1016/j.ecolmodel.2018.02.007 
Duellman, W. E., & Klaas, L. T. (1964). The biology of the hylid frog Triprion petasatus. 
Copeia, 308-321. http://doi.org/10.2307/1441025 
Easterling, D. R., Meehl, G. A., Parmesan, C., Changnon, S. A., Karl, T. R., & Mearns, 
L. O. (2000). Climate extremes: observations, modeling, and impacts. Science, 
289(5487), 2068-2074. https://www.doi.org/10.1126/science.289.5487.2068 
Eden, S. (1996). Public participation in environmental policy: considering scientific, 
counter-scientific and non-scientific contributions. Public Understanding of 
Science, 5(3), 183-204. https://doi.org/10.1088/0963-6625/5/3/001 
127 
 
Edmands, S. (2007). Between a rock and a hard place: evaluating the relative risks of 
inbreeding and outbreeding for conservation and management. Molecular 
Ecology, 16(3), 463-475. https://doi.org/10.1111/j.1365-294X.2006.03148.x 
Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto, K., Buckler, E. S., & 
Mitchell, S. E. (2011). A robust, simple genotyping-by-sequencing (GBS) 
approach for high diversity species. PloS ONE, 6(5), e19379. 
https://doi.org/10.1371/journal.pone.0019379 
Emlen, S. T. (1995). The evolutionary theory of the family. Proceedings of the National 
Academy of Sciences, 92, 8092–8099.  
Emlen, S. T., & Oring, L. W. (1977). Ecology, sexual selection, and the evolution of 
mating systems. Science, 197(4300), 215-223. 
https://www.jstor.org/stable/1744497 
Environmental Protection Agency – EPA. (1997). Methods for the analysis of chemical 
substances in marine and estuarine environmental matrices (2nd ed.). 
EPAA/600/R-97/072: Environmental Protection Agenc. 
Ericson, J., Freudenberger, M. S., & Boege, E. (2001). Population dynamics, 
migration, and the future of the Calakmul Biosphere Reserve. In L. E. Buck, C. 
C. Geisler, J. Schelhas, & E. Wollenberg (Eds.), Biological Diversity: Balancing 
Interests Through Adaptive Collaborative Management (pp. 501). Boca Raton, 
USA: CRC Press. 
Falconer, D. S., & Mackay, F. C. I. t. q. g. t. E. L., Harlow, United Kingdom. (1996). 
Introduction to quantitative genetics (4th Edition ed.). United Kingdom: 
Longman, Harlow. 
Farias, I. P., Da Silveira, R., de Thoisy, B., Monjeló, L. A., Thorbjarnarson, J., & Hrbek, 
T. (2004). Genetic diversity and population structure of Amazonian 




Faust, B. B., & Folan, W. J. (2015). Pasos largos al futuro - La resiliencia socio-
ecológica de los Mayas de Campeche en relacíon a los cambios climáticos. 
Campeche, Mexico: Universidad Autónoma de Campeche. 
Ficetola, G. F., Barzaghi, B., Melotto, A., Muraro, M., Lunghi, E., Canedoli, C., . . . 
Urso, A. (2018). N-mixture models reliably estimate the abundance of small 
vertebrates. Scientific Reports, 8(1), 10357. https://doi.org/10.1038/s41598-
018-28432-8 
Fiske, I., & Chandler, R. (2011). Unmarked: an R package for fitting hierarchical 
models of wildlife occurrence and abundance. Journal of Statistical Software, 
43(10), 1-23. https://doi.org/10.18637/jss.v043.i10 
Fittkau, E. J. (1973). Crocodiles and the nutrient metabolism of Amazonian waters. 
Amazoniana, 4(1), 103-133. http://hdl.handle.net/21.11116/0000-0004-990F-0 
Fitzsimmons, N. N., Buchan, J. C., Lam, P. V., Polet, G., Hung, T. T., Thang, N. Q., & 
Gratten, J. (2002). Identification of purebred Crocodylus siamensis for 
reintroduction in Vietnam. Journal of Experimental Zoology, 294(4), 373-381. 
https://doi.org/10.1002/jez.10201 
Flemons, P., Guralnick, R., Krieger, J., Ranipeta, A., & Neufeld, D. (2007). A web-
based GIS tool for exploring the world's biodiversity: The Global Biodiversity 
Information Facility Mapping and Analysis Portal Application (GBIF-MAPA). 
Ecological Informatics, 2(1), 49-60. 
https://www.doi.org/10.1016/j.ecoinf.2007.03.004 
Foerster, K., Valcu, M., Johnsen, A., & Kempenaers, B. (2006). A spatial genetic 
structure and effects of relatedness on mate choice in a wild bird population. 
Molecular Ecology, 15(14), 4555-4567. https://doi.org/10.1111/j.1365-
294X.2006.03091.x 
Folan, W. J. (1988). Calakmul, Campeche: el nacimiento de la tradición clásica en la 
gran Mesoamérica. Informacíon - Centro de Investigaciones Históricas y 
Sociales, Universidad Autónoma de Campeche, 13, 122-190.  
129 
 
Fox, R., Warren, M. S., Brereton, T. M., Roy, D. B., & Robinson, A. (2011). A new Red 
List of British butterflies. Insect Conservation and Diversity, 4(3), 159-172. 
https://www.doi.org/10.1111/j.1752-4598.2010.00117.x 
Fraisl, D., Campbell, J., See, L., Wehn, U., Wardlaw, J., Gold, M., . . . Fritz, S. (2020). 
Mapping citizen science contributions to the UN sustainable development 
goals. Sustainability Science. https://www.doi.org/10.1007/s11625-020-00833-
7 
Frankham, R., Ballou, J. D., & Briscoe, D. A. (2004). A primer of conservation genetics. 
New York: Cambridge University Press,. 
Fujisaki, I., Mazzotti, F. J., Dorazio, R. M., Rice, K. G., Cherkiss, M., & Jeffery, B. 
(2011). Estimating trends in alligator populations from nightlight survey data. 
Wetlands, 31(1), 147-155. https://doi.org/10.1007/s13157-010-0120-0 
Fukuda, Y., Webb, G., Manolis, C., Lindner, G., & Banks, S. (2019). Translocation, 
genetic structure and homing ability confirm geographic barriers disrupt 
saltwater crocodile movement and dispersal. PLoS ONE, 14(8), e0205862. 
https://www.doi.org/10.1371/journal.pone.0205862 
Funk, W. C., McKay, J. K., Hohenlohe, P. A., & Allendorf, F. W. (2012). Harnessing 
genomics for delineating conservation units. Trends in Ecology & Evolution, 
27(9), 489-496. https://www.doi.org/10.1016/j.tree.2012.05.012 
Galtier, N., Jobson, R. W., Nabholz, B., Glémin, S., & Blier, P. U. (2009). Mitochondrial 
whims: metabolic rate, longevity and the rate of molecular evolution. Biology 
Letters, 5(3), 413-416. https://www.doi.org/10.1098/rsbl.2008.0662 
García-Fernández, C., Sánchez, J. A., & Blanco, G. (2018). SNP-haplotypes: An 
accurate approach for parentage and relatedness inference in gilthead sea 
bream (Sparus aurata). Aquaculture, 495, 582-591. 
https://doi.org/10.1016/j.aquaculture.2018.06.019 
García-Gil, G. (2000). Cuerpos de agua de la Reserva de la Biosfera Calakmul, 
Campeche. Escala 1:50000 [Waterbodies of Calakmul Biosphere Reserve, 
Campeche Scale 1:50000]. Retrieved from Comisión Nacional para el 
130 
 
Conocimiento y Uso de la Biodiversidad (CONABIO): 
http://www.conabio.gob.mx/informacion/metadata/gis/caguagw.xml?_httpcach
e=yes&_xsl=/db/metadata/xsl/fgdc_html.xsl&_indent=no 
García-Gil, G., Palacio-Prieto, J. L., & Ortiz-Pérez, M. A. (2002). Reconocimiento 
geomorfológico e hidrográfico de la Reserva de la Biosfera Calakmul, México 
[Geomorphological and hydrographic survey of Calakmul Biosphere Reserve, 
Mexico]. Investigaciones Geográficas, 48, 7-23. Retrieved from 
http://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S0188-
46112002000200002&lng=es&tlng=en 
García-Padilla, E., DeSantis, D. L., Rocha, A., Mata-Silva, V., Johnson, J. D., & 
Wilson, L. D. (2020). Conserving the Mesoamerican herpetofauna: the most 
critical case of the priority level one endemic species. Amphibian & Reptile 
Conservation, 14(2), 73–132 (e240).  
Gardner, B., Garner, L. A., Cobb, D. T., & Moorman, C. E. (2016). Factors affecting 
occupancy and abundance of American alligators at the northern extent of their 
range. Journal of Herpetology, 50(4), 541-547. https://doi.org/10.1670/15-147 
Gardner, T. A., Barlow, J., & Peres, C. A. (2007). Paradox, presumption and pitfalls in 
conservation biology: the importance of habitat change for amphibians and 
reptiles. Biological Conservation, 138(1-2), 166-179.  
Genovart, M. (2008). Natural hybridization and conservation. Biodiversity and 
Conservation, 18(6), 1435-1439. https://www.doi.org/10.1007/s10531-008-
9550-x 
Germain, R. H., Floyd, D. W., & Stehman, S. V. (2001). Public perceptions of the 
USDA Forest Service public participation process. Forest Policy and 
Economics, 3(3-4), 113-124. https://doi.org/10.1016/S1389-9341(01)00065-X 
Girman, D. J., Mills, M. G. L., Geffen, E., & Wayne, R. K. (1997). A molecular genetic 
analysis of social structure, dispersal, and interpack relationships of the African 




Gist, D. H., Bagwill, A., Lance, V., Sever, D. M., & Elsey, R. M. (2008). Sperm storage 
in the oviduct of the American alligator. Journal of Experimental Zoology Part 
A: Ecological Genetics and Physiology, 309A(10), 581-587. 
https://doi.org/10.1002/jez.43410.1002/jez.434 
Glenn, T. C., Staton, J. L., Vu, A. T., Davis, L. M., Bremer, J. R. A., Rhodes, W. E., . . 
. Sawyer, R. H. (2002). Low mitochondrial DNA variation among American 
alligators and a novel non‐coding region in crocodilians. Journal of 
Experimental Zoology, 294(4), 312-324. https://doi.org/10.1002/jez.10206 
Glenn, T. C., Stephan, W., Dessauer, H. C., & Braun, M. J. (1996). Allelic diversity in 
alligator microsatellite loci is negatively correlated with GC content of flanking 
sequences and evolutionary conservation of PCR amplifiability. Molecular 
Biology and Evolution, 13(8), 1151-1154.  
Godoy, E. (2020). Mayan Train threatens to alter the environment and communities in 
Mexico. Inter Press Service News Agency.  
Goldschmidt, T., Witte, F., & Wanink, J. (1993). Cascading effects of the introduced 
Nile perch on the detritivorous/phytoplanktivorous species in the sublittoral 
areas of Lake Victoria. Conservation Biology, 7(3), 686-700.  
Gompert, Z., & Buerkle, A. C. (2010). Introgress: a software package for mapping 
components of isolation in hybrids. Molecular Ecology Resources, 10(2), 378-
384. https://doi.org/10.1111/j.1755-0998.2009.02733.x 
Gompert, Z., & Buerkle, A. C. (2012). bgc: Software for Bayesian estimation of 
genomic clines. Molecular Ecology Resources, 12(6), 1168-1176. 
https://www.doi.org/10.1111/1755-0998.12009.x 
González-Sánchez, V. H., Johnson, J. D., García-Padilla, E., Mata-Silva, V., DeSantis, 
D. L., & Wilson, L. D. (2017). The herpetofauna of the mexican Yucatan 
Peninsula: composition, distribution, and conservation. Mesoamerican 
Herpetology, 4(2), 264-380.  
González-Trujillo, R., Mendez-Alonzo, R., Arroyo-Rodriguez, V., Vega, E., Gonzalez-
Romero, A., & Reynoso, V. H. (2014). Vegetation cover and road density as 
132 
 
indicators of habitat suitability for the Morelet's crocodile. Journal of 
Herpetology, 48(2), 188-194. https://doi.org/10.1670/12-150 
González-Trujillo, R., Rodriguez, D., González-Romero, A., Forstner, M. R., 
Densmore III, L. D., & Reynoso, V. H. (2012). Testing for hybridization and 
assessing genetic diversity in Morelet’s crocodile (Crocodylus moreletii) 
populations from central Veracruz. Conservation Genetics, 13(6), 1677-1683. 
https://doi.org/10.1007/s10592-012-0406-2 
Gopurenko, D., Williams, R. N., Mccormick, C. R., & Dewoody, J. A. (2006). Insights 
into the mating habits of the tiger salamander (Ambystoma tigrinum tigrinum) 
as revealed by genetic parentage analyses. Molecular Ecology, 15(7), 1917-
1928. ttps://doi.org/10.1111/j.1365-294X.2006.02904.x 
Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., & Moore, R. (2017). 
Google Earth Engine: Planetary-scale geospatial analysis for everyone. 
Remote Sensing of Environment, 202, 18-27. 
https://doi.org/10.1016/j.rse.2017.06.031 
Grabenstein, K. C., & Taylor, S. A. (2018). Breaking barriers: Causes, consequences, 
and experimental utility of human-mediated hybridization. Trends in Ecology & 
Evolution, 33(3), 198-212. https://doi.org/10.1016/j.tree.2017.12.008 
Grant, P. R., & Grant, B. R. (2014). 40 years of evolution: Darwin’s finches on Daphne 
major island. Princeton, Nova Jersey: Princeton University Press. 
Green, R. E., Braun, E. L., Armstrong, J., Earl, D., Nguyen, N., Hickey, G., . . . Castoe, 
T. A. (2014). Three crocodilian genomes reveal ancestral patterns of evolution 
among archosaurs. Science, 346(6215), 1254449. 
https://doi.org/10.1126/science.1254449 
Grigg, G., & Kirshner, D. (2015). Biology and evolution of crocodylians. Australia: Csiro 
Publishing. 
Gunn, J. D., Foss, J. E., Folan, W. J., Carrasco, M. d. R. D., & Faust, B. B. (2002). 
Bajo sediments and the hydraulic system of Calakmul, Campeche, Mexico. 
133 
 
Ancient Mesoamerica, 13(2), 297-315. 
https://doi.org/10.1017/S0956536102132184 
Hanski, I. (1998). Metapopulation dynamics. Nature, 396(6706), 41. 
https://doi.org/10.1038/23876 
Hardy, O. J., & Vekemans, X. (2002). SPAGEDI: a versatile computer program to 
analyse spatial genetic structure at the individual or population levels. Molecular 
Ecology Notes, 2(4), 618-620. https://doi.org/10.1046/j.1471-
8286.2002.00305.x 
Hawkins, C. P., Olson, J. R., & Hill, R. A. (2010). The reference condition: predicting 
benchmarks for ecological and water-quality assessments. Journal of the North 
American Benthological Society, 29(1), 312-343. https://doi.org/10.1899/09-
092.1 
Hedrick, P. W. (2005). A standardized genetic differentiation measure. Evolution, 
59(8), 1633-1638. https://doi.org/10.1111/j.0014-3820.2005.tb01814.x 
Heimerl, K., Menon, A., Hasan, S., Ali, K., Brewer, E., & Parikh, T. (2015). Analysis of 
smartphone adoption and usage in a rural community cellular network. Paper 
presented at the Proceedings of the Seventh International Conference on 
Information and Communication Technologies and Development, Singapore, 
Singapore. https://doi.org/10.1145/2737856.2737880 
Hekkala, E. R. (2004). Conservation genetics at the species boundary: case studies 
from African and Caribbean crocodiles (Genus: Crocodylus). (PhD). Columbia 
University New York, New York, USA.  
Hekkala, E. R., Platt, S. G., Thorbjarnarson, J. B., Rainwater, T. R., Tessler, M., 
Cunningham, S. W., . . . Amato, G. (2015). Integrating molecular, phenotypic 
and environmental data to elucidate patterns of crocodile hybridization in 




Hernández-Huerta, A., Sosa, V. J., Aranda, J. M., & Bello, J. (2000). Records of small 
mammals in the Calakmul Biosphere Reserve, Yucatán Peninsula. The 
Southwestern Naturalist, 340-344. http://doi.org/10.2307/3672840 
Hernández‐Ordóñez, O., Urbina‐Cardona, N., & Martínez‐Ramos, M. (2015). 
Recovery of amphibian and reptile assemblages during old‐field succession of 
tropical rain forests. Biotropica, 47(3), 377-388. 
https://doi.org/10.1111/btp.12207 
Herrera-Silveira, J. A., Comín, F. A., López, S., & Sánchez, I. (1998). Limnological 
characterization of aquatic ecosystems in Yucatán Peninsula (SE México). 
Internationale Vereinigung für theoretische und angewandte Limnologie: 
Verhandlungen, 26(3), 1348-1351. 
https://doi.org/10.1080/03680770.1995.11900942 
Hirsch, R. M., Slack, J. R., & Smith, R. A. (1982). Techniques of trend analysis for 
monthly water quality data. Water Resources Research, 18(1), 107-121. 
https://doi.org/10.1029/WR018i001p00107 
Hu, Y., & Wu, X.-B. (2010). Multiple paternity in Chinese alligator (Alligator sinensis) 
clutches during a reproductive season at Xuanzhou Nature Reserve. Amphibia-
Reptilia, 31, 419-424.  
Huisman, J. (2017). Pedigree reconstruction from SNP data: parentage assignment, 
sibship clustering and beyond. Molecular Ecology Resources, 17(5), 1009-
1024. https://doi.org/10.1111/1755-0998.12665 
Hunter, E. A., Nibbelink, N. P., & Cooper, R. J. (2017). Divergent forecasts for two salt 
marsh specialists in response to sea level rise. Animal Conservation, 20(1), 20-
28. https://doi.org/10.1111/acv.12280 
Hutton, J. M. (1982). Home range and territoriality in the Nile crocodile. Zimbabwe 
Science News, 17(17), 199-201.  
Hutton, J. M., & Woolhouse, M. E. J. (1989). Mark-recapture to assess factors affecting 
the proportion of a Nile crocodile population seen during spotlight counts at 
Ngezi, Zimbabwe, and the use of spotlight counts to monitor crocodile 
135 
 
abundance. Journal of Applied Ecology, 26(2), 381-395. 
https://doi.org/10.2307/2404068 
iNaturalist. (2019). Research-grade Observations. Occurrence dataset. Retrieved 
from: https://doi.org/10.15468/ab3s5x 
IPCC. (2007). Climate Change 2007: The physical science basis: Contribution of 
working group I to the fourth assessment report of the intergovernmental panel 
on climate change. Cambridge, UK: Cambridge University Press. 
Jackiw, R. N., Mandil, G., & Hager, H. A. (2015). A framework to guide the 
conservation of species hybrids based on ethical and ecological considerations. 
Conservation Biology, 29(4), 1040-1051. 
https://www.doi.org/10.1111/cobi.12526 
Jarvis, A. J., Leedal, D. T., & Hewitt, C. N. (2012). Climate–society feedbacks and the 
avoidance of dangerous climate change. Nature Climate Change, 2(9), 668.  
Jiménez-Cisneros, C., Ramos, J., Becerril, J. E., & Barrios Ordoñez, J. E. (1997). 
Criterios de Calidad de Agua para Protección de la Vida Acuática. In C. N. d. 
Agua (Ed.), Revisión de os Criterios Ecológicos de Calidad del Agua. México 
D.F.: Instituto de Ingeniería, UNAM. 
Johnson, J. D., Wilson, L. D., Mata-Silva, V., García-Padilla, E., & Desantis, D. L. 
(2017). The endemic herpetofauna of Mexico: organisms of global significance 
in severe peril. Mesoamerican Herpetology, 4(3), 544-620.  
Jombart, T. (2008). Adegenet: a R package for the multivariate analysis of genetic 
markers. Bioinformatics, 24(11), 1403-1405. 
https://doi.org/10.1093/bioinformatics/btn129 
Jombart, T., & Ahmed, I. (2011). Adegenet 1.3-1: new tools for the analysis of genome-
wide SNP data. Bioinformatics, 27(21), 3070-3071. 
https://doi.org/10.1093/bioinformatics/btr521 
Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of principal 
components: a new method for the analysis of genetically structured 
136 
 
populations. BMC Genetics, 11(1), 94. https://doi.org/10.1186/1471-2156-11-
94 
Jones, O. R., & Wang, J. (2010). COLONY: a program for parentage and sibship 
inference from multilocus genotype data. Molecular Ecology Resources, 10(3), 
551-555. https://www.doi.org/10.1111/j.1755-0998.2009.02787.x 
Joseph, L. N., Elkin, C., Martin, T. G., & Possingham, H. P. (2009). Modeling 
abundance using N‐mixture models: the importance of considering ecological 
mechanisms. Ecological Applications, 19(3), 631-642. 
https://doi.org/10.1890/07-2107.1 
Katoh, K., & Standley, D. M. (2013). MAFFT Multiple Sequence Alignment Software 
Version 7: Improvements in Performance and Usability. Molecular Biology and 
Evolution, 30(4), 772-780. https://doi.org/10.1093/molbev/mst010 
Kelling, S., Johnston, A., Bonn, A., Fink, D., Ruiz-Gutierrez, V., Bonney, R., . . . 
Guralnick, R. (2019). Using semistructured surveys to improve citizen science 
data for monitoring biodiversity. Bioscience, 69(3), 170-179. 
https://www.doi.org/10.1093/biosci/biz010 
Kerr, R. A. (2001). Rising global temperature, rising uncertainty. Science, 292(5515), 
192-194. https://doi.org/10.1126/science.292.5515.192 
Kéry, M. (2018). Identifiability in N-mixture models: a large-scale screening test with 
bird data. Ecology, 99(2), 281-288. https://doi.org/10.1002/ecy.2093 
Kéry, M., & Royle, J. A. (2016). Modeling abundance with counts of unmarked 
individuals in closed populations: Binomial N-mixture models. In M. Kéry & J. 
A. Royle (Eds.), Applied Hierarchical Modeling in Ecology: Analysis of 
distribution, abundance and species richness in R and BUGS (pp. 219-312). 
Amsterdam: Academic Press - Elsevier. 
Kéry, M., Royle, J. A., & Schmid, H. (2005). Modeling avian abundance from replicated 




Kidwai, Z., Jimenez, J., Louw, C. J., Nel, H. P., & Marshal, J. P. (2019). Using N-
mixture models to estimate abundance and temporal trends of black rhinoceros 
(Diceros bicornis L.) populations from aerial counts. Global Ecology and 
Conservation, 19, e00687. https://doi.org/10.1016/j.gecco.2019.e00687 
King, F. W., Espinal, M., & Cerrato, C. A. (1990). Distribution and status of the 
crocodilians of Honduras. Results of a survey conducted for the Convention on 
International Trade in Endangered Species of Wild Fauna and Flora and the 
Honduras Secretaria de Recursos Naturales Renovables. Paper presented at 
the 10th Working Meeting of the Crocodile Specialist Group of the Species 
Survival Commision of IUCN-The World Conservation Union, Gainesville, 
Florida, USA.  
Knight, M. E., Oppen, M. J. H. v., Smith, H. L., Rico, C., Hewitt, G. M., & Turner, G. F. 
(1999). Evidence for male-biased dispersal in Lake Malawi cichlids from 
microsatellites. Molecular Ecology, 8(9), 1521-1527. 
https://doi.org/10.1046/j.1365-294x.1999.00740.x 
Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A., & Mayrose, I. (2015). 
Clumpak: a program for identifying clustering modes and packaging population 
structure inferences across K. Molecular Ecology Resources, 15(5), 1179-
1191. https://doi.org/10.1111/1755-0998.12387 
Korneliussen, T. S., Albrechtsen, A., & Nielsen, R. (2014). ANGSD: Analysis of Next 
Generation Sequencing Data. BMC Bioinformatics, 15(1), 356. 
https://doi.org/10.1186/s12859-014-0356-4 
Kushlan, J. A. (1988). Conservation and management of the American crocodile. 
Environmental Management, 12(6), 777-790.  
Lake, P. S. (2003). Ecological effects of perturbation by drought in flowing waters. 
Freshwater Biology, 48(7), 1161-1172.  
Lance, S. L., Tuberville, T. D., Dueck, L., Holz-Schietinger, C., Trosclair Iii, P. L., Elsey, 
R. M., & Glenn, T. C. (2009). Multiyear multiple paternity and mate fidelity in the 
138 
 
American alligator, Alligator mississippiensis. Molecular Ecology, 18(21), 4508-
4520. https://doi.org/10.1111/j.1365-294X.2009.04373.x 
Lang, J. W. (1989). Social behaviour. In C. A. Ross (Ed.), Crocodiles and alligators 
(pp. 102-117). Australia: Golden press. 
Laurance, W. F., Useche, D. C., Shoo, L. P., Herzog, S. K., Kessler, M., Escobar, F., 
. . . Gámez, L. A. (2011). Global warming, elevational ranges and the 
vulnerability of tropical biota. Biological Conservation, 144(1), 548-557.  
Lawson, D. J., Hellenthal, G., Myers, S., & Falush, D. (2012). Inference of Population 
Structure using Dense Haplotype Data. PLOS Genetics, 8(1), e1002453. 
https://doi.org/10.1371/journal.pgen.1002453 
Lee, J. C. (2000). A field guide to amphibians and reptiles of the Maya World: the 
lowlands of México, Northern Guatemalan and Belize. New York: Cornell 
University Press. 
Lee, Y., & Nelder, J. A. (2000). Two ways of modelling overdispersion in non‐normal 
data. Journal of the Royal Statistical Society: Series C (Applied Statistics), 
49(4), 591-598. https://doi.org/10.1111/1467-9876.00214 
Leng, R. A. (1990). Factors affecting the utilization of ‘poor-quality’forages by 
ruminants particularly under tropical conditions. Nutrition Research Reviews, 





Lewis, J. L., FitzSimmons, N. N., Jamerlan, M. L., Buchan, J. C., & Grigg, G. C. (2013). 
Mating systems and multiple paternity in the estuarine crocodile (Crocodylus 
porosus). Journal of Herpetology, 47(1), 24-33. https://doi.org/10.1670/10-303 
Li, C. C., Weeks, D. E., & Chakravarti, A. (1993). Similarity of DNA Fingerprints Due 




Li, H. (2011). A statistical framework for SNP calling, mutation discovery, association 
mapping and population genetical parameter estimation from sequencing data. 
Bioinformatics, 27(21), 2987-2993. 
https://doi.org/10.1093/bioinformatics/btr509 
Li, H., & Durbin, R. (2009). Fast and accurate short read alignment with Burrows–
Wheeler transform. Bioinformatics, 25(14), 1754-1760. 
https://doi.org/10.1093/bioinformatics/btp324 
Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., . . . Durbin, R. 
(2009). The sequence alignment/map format and SAMtools. Bioinformatics, 
25(16), 2078-2079. https://doi.org/10.1093/bioinformatics/btp352 
Lovett, G. M., Burns, D. A., Driscoll, C. T., Jenkins, J. C., Mitchell, M. J., Rustad, L., . 
. . Haeuber, R. (2007). Who needs environmental monitoring? Frontiers in 
Ecology and the Environment, 5(5), 253-260. https://doi.org/10.1890/1540-
9295(2007)5[253:WNEM]2.0.CO;2 
Lyet, A., Slabbert, R., Versfeld, W. F., Leslie, A. J., Beytell, P. C., & Du Preez, P. 
(2016). Using a binomial mixture model and aerial counts for an accurate 
estimate of Nile crocodile abundance and population size in the Kunene River, 
Namibia. African Journal of Wildlife Research, 46(2), 71-86. 
https://doi.org/10.3957/056.046.0071 
Lynch, M., & Ritland, K. (1999). Estimation of Pairwise Relatedness With Molecular 
Markers. Genetics, 152(4), 1753-1766. Retrieved from 
https://www.genetics.org/content/genetics/152/4/1753.full.pdf 
MacLeod, A., Rodríguez, A., Vences, M., Orozco-terWengel, P., García, C., Trillmich, 
F., . . . Steinfartz, S. (2015). Hybridization masks speciation in the evolutionary 
history of the Galapagos marine iguana. Proceedings of the Royal Society B: 
Biological Sciences, 282(1809), 20150425. 
https://www.doi.org/doi:10.1098/rspb.2015.0425 
Madsen, T., Shine, R., Olsson, M., & Wittzell, H. (1999). Restoration of an inbred adder 
population. Nature, 402(6757), 34-35. https://doi.org/10.1038/46941 
140 
 
Magnusson, W. E., & Lima, A. P. (1991). The ecology of a cryptic predator, 
Paleosuchus tigonatus, in a tropical rainforest. Journal of Herpetology, 25(1), 
41-48. https://doi.org/10.2307/1564793 
Malinsky, M., Trucchi, E., Lawson, D. J., & Falush, D. (2018). RADpainter and 
fineRADstructure: Population inference from RADseq data. Molecular Biology 
and Evolution, 35(5), 1284-1290. https://doi.org/10.1093/molbev/msy023 
Mallet, J. (2005). Hybridization as an invasion of the genome. Trends in Ecology & 
Evolution, 20(5), 229-237. https://doi.org/10.1016/j.tree.2005.02.010 
Malmqvist, B., Rundle, S. D., Covich, A. P., Hildrew, A. G., Robinson, C. T., & 
Townsend, C. R. (2008). Prospects for streams and rivers: an ecological 
perspective. In N. Polunin (Ed.), Aquatic Systems: Trends And Global 
Perspectives (pp. 19-29). UK: Cambridge University Press. 
Man, Z., Yishu, W., Peng, Y., & Xiaobing, W. (2011). Crocodilian phylogeny inferred 
from twelve mitochondrial protein-coding genes, with new complete 
mitochondrial genomic sequences for Crocodylus acutus and Crocodylus 
novaeguineae. Molecular Phylogenetics and Evolution, 60(1), 62-67. 
https://doi.org/10.1016/j.ympev.2011.03.029 
Manica, M., Caputo, B., Screti, A., Filipponi, F., Rosà, R., Solimini, A., . . . Blangiardo, 
M. (2019). Applying the N‐mixture model approach to estimate mosquito 
population absolute abundance from monitoring data. Journal of Applied 
Ecology, 56(9), 2225-2235. https://doi.org/10.1111/1365-2664.13454 
Márdero, S., Nickl, E., Schmook, B., Schneider, L., Rogan, J., Christman, Z., & 
Lawrence, D. (2012). Sequías en el sur de la península de Yucatán: análisis de 
la variabilidad anual y estacional de la precipitación. Investigaciones 
Geográficas(78), 19-33. http://doi.org/10.14350/rig.32466 
Márdero, S., Schmook, B., Christman, Z., Metcalfe, S. E., & De la Barreda-Bautista, 
B. (2019). Recent disruptions in the timing and intensity of precipitation in 




Margalef, R. (1963). On certain unifying principles in ecology. The American Naturalist, 
97(897), 357-374.  
Martin, A. P., & Palumbi, S. R. (1993). Body size, metabolic rate, generation time, and 
the molecular clock. Proceedings of the National Academy of Sciences, 90(9), 
4087-4091. https://www.doi.org/10.1073/pnas.90.9.4087 
Martínez-Kú, D. H., Escalona-Segura, G., & Vargas-Contreras, J. A. (2008). 
Importancia de las aguadas para los mamíferos de talla mediana y grande en 
Calakmul, Campeche, México. In E. Espinoza & J. Ortega (Eds.), Avances en 
el Estudio de los Mamíferos de México II (pp. 449-468). Mexico: Asociación 
Mexicana de Mastozoología & Colegio de la Frontera del Sur. 
Martínez, E., & Galindo-Leal, C. (2002). La vegetación de Calakmul, Campeche, 
México: clasificación, descripción y distribución [Vegetation of Calakmul, 
Campeche, Mexico: classification, description and distribution]. Boletín de la 
Sociedad Botánica de México, 71, 7-32. https://doi.org/10.17129/botsci.1660 
Mascia, M. B., Brosius, J. P., Dobson, T. A., Forbes, B. C., Horowitz, L., McKean, M. 
A., & Turner, N. J. (2003). Conservation and the Social Sciences. Conservation 
Biology, 17(3), 649-650. https://doi.org/10.1046/j.1523-1739.2003.01738.x 
Matthews, W. J., & Marsh‐Matthews, E. (2003). Effects of drought on fish across axes 
of space, time and ecological complexity. Freshwater Biology, 48(7), 1232-
1253.  
Mauger, L. A., Velez, E., Cherkiss, M. S., Brien, M. L., Mazzotti, F. J., & Spotila, J. R. 
(2017). Conservation genetics of American crocodile, Crocodylus acutus, 
populations in Pacific Costa Rica. Nature Conservation, 17, 1-17. 
https://doi.org/10.3897/natureconservation.17.9714 
Mazerolle, M. J., Bailey, L. L., Kendall, W. L., Andrew Royle, J., Converse, S. J., & 
Nichols, J. D. (2007). Making great leaps forward: accounting for detectability 




Mazzotti, F. J., Best, G. R., Brandt, L. A., Cherkiss, M. S., Jeffery, B. M., & Rice, K. G. 
(2009). Alligators and crocodiles as indicators for restoration of Everglades 
ecosystems. Ecological Indicators, 9(6), S137-S149. 
https://doi.org/10.1016/j.ecolind.2008.06.008 
Mazzotti, F. J., Smith, B. J., Squires, M. A., Cherkiss, M. S., Farris, S. C., Hackett, C., 
. . . Brandt, L. A. (2019). Influence of salinity on relative density of American 
crocodiles (Crocodylus acutus) in Everglades National Park: Implications for 
restoration of Everglades ecosystems. Ecological Indicators, 102, 608-616. 
https://doi.org/10.1016/j.ecolind.2019.03.002 
McCracken, G. F., Burghardt, G. M., & Houts, S. E. (1999). Microsatellite markers and 
multiple paternity in the garter snake Thamnophis sirtalis. Molecular Ecology, 
8(9), 1475-1479. https://doi.org/10.1046/j.1365-294x.1999.00720.x 
McFarlane, S. E., Hunter, D. C., Senn, H. V., Smith, S. L., Holland, R., Huisman, J., & 
Pemberton, J. M. (2020). Increased genetic marker density reveals high levels 
of admixture between red deer and introduced Japanese sika in Kintyre, 
Scotland. Evolutionary Applications, 13(2), 432-441. 
https://doi.org/10.1111/eva.12880 
McKinley, D. C., Miller-Rushing, A. J., Ballard, H. L., Bonney, R., Brown, H., Cook-
Patton, S. C., . . . Phillips, T. B. (2017). Citizen science can improve 
conservation science, natural resource management, and environmental 
protection. Biological Conservation, 208, 15-28. 
https://doi.org/10.1016/j.biocon.2016.05.015 
McRae, B. H., Hall, S. A., Beier, P., & Theobald, D. M. (2012). Where to restore 
ecological connectivity? Detecting barriers and quantifying restoration benefits. 
PLoS ONE, 7(12), e52604. https://doi.org/10.1371/journal.pone.0052604 
McVay, J. D., Rodriguez, D., Rainwater, T. R., Dever, J. A., Platt, S. G., McMurry, S. 
T., . . . Densmore III, L. D. (2008). Evidence of Multiple Paternity in Morelet's 
Crocodile (Crocodylus moreletii) in Belize, CA, Inferred From Microsatellite 
Markers. Journal of Experimental Zoology Part a-Ecological Genetics and 
Physiology, 309A(10), 643-648. https://doi.org/10.1002/jez.500 
143 
 
Medina, I., Wang, I. J., Salazar, C., & Amezquita, A. (2013). Hybridization promotes 
color polymorphism in the aposematic harlequin poison frog, Oophaga 
histrionica. Ecology and Evolution, 4388–4400. http://doi.org/10.1002/ece3.794 
Meganathan, P., Dubey, B., Batzer, M. A., Ray, D. A., & Haque, I. (2011). Complete 
mitochondrial genome sequences of three Crocodylus species and their 
comparison within the Order Crocodylia. Gene, 478(1-2), 35-41. 
https://doi.org/10.1016/j.gene.2011.01.012 
Meredith, R. W., Hekkala, E. R., Amato, G., & Gatesy, J. (2011). A phylogenetic 
hypothesis for Crocodylus (Crocodylia) based on mitochondrial DNA: evidence 
for a trans-Atlantic voyage from Africa to the New World. Molecular 
Phylogenetics and Evolution, 60(1), 183-191. 
https://doi.org/10.1016/j.ympev.2011.03.026 
Messel, H., & Vorlicek, G. C. (1982). Population dynamics of Crocodylus porosus – a 
ten year overview. In G. Grigg, R. Shine, & R. Ehmann (Eds.), Biology of 
Australasian Frogs and Reptiles. Sydney: Surrey Beatty and Sons. 
Metzker, M. L. (2010). Sequencing technologies — the next generation. Nature 
Reviews Genetics, 11(1), 31-46. https://doi.org/10.1038/nrg2626 
Milian-Garcia, Y., Jensen, E. L., Ribalta Mena, S., Perez Fleitas, E., Sosa Rodriguez, 
G., Guerra Manchena, L., . . . Russello, M. A. (2016). Genetic evidence for 
multiple paternity in the critically endangered Cuban crocodile (Crocodylus 
rhombifer). Amphibia-Reptilia, 37(3), 273-281. 
https://doi.org/10.1163/15685381-00003056 
Millennium Ecosystem Assessment. (2005). Ecosystems and Human well-being: 
Wetlands and water synthesis. Washington, DC, USA: Ecosystems and Human 
Well-Being: Wetlands and Water Synthesis. 
Mitchell, J. K., & Soga, K. (2005). Fundamentals of soil behavior (Vol. 3). Michigan, 
USA: John Wiley & Sons New York. 
Monsen, K. J., & Blouin, M. S. (2003). Genetic structure in a montane ranid frog: 
restricted gene flow and nuclear-mitochondrial discordance. Molecular 
144 
 
Ecology, 12(12), 3275-3286. https://www.doi.org/10.1046/j.1365-
294x.2003.02001.x 
Montague, J. (1983). Influence of water level, hunting pressure and habitat type on 
crocodile abundance in the fly river drainage, Papua New Guinea. Biological 
Conservation, 26(4), 309-339. https://doi.org/10.1016/0006-3207(83)90095-2 
Morales, J. A. Z., & Pantí, D. S. (2015). Estrategia de mitigación y adaptacion al 
cambio climatico en Calakmul: una historia de exíto. Boletín de la Comunidad 
de Aprendizaje de Áreas Naturales Protegidas, 1, 5-9.  
Moreno-Casasola, P., Infante-Mata, D., & López-Rosas, H. (2012). Tropical 
Freshwater Swamps and Marshes. In D. Batzer & A. Baldwin (Eds.), Wetland 
habitats of North America: Ecology and Conservation Concerns (pp. 389). 
Berkeley: University of California Press. 
Morgulis, A., Coulouris, G., Raytselis, Y., Madden, T. L., Agarwala, R., & Schäffer, A. 
A. (2008). Database indexing for production MegaBLAST searches. 
Bioinformatics, 24(16), 1757-1764. 
https://www.doi.org/10.1093/bioinformatics/btn322 
Morin, P. A., Martien, K. K., & Taylor, B. L. (2009). Assessing statistical power of SNPs 
for population structure and conservation studies. Molecular Ecology 
Resources, 9(1), 66-73. https://www.doi.org/10.1111/j.1755-
0998.2008.02392.x 
Moritz, C., Lavery, S., & Slade, R. (1995). Using allele frequency and phylogeny to 
define units for conservation and management. In J. L. Nielsen & G. A. Powers 
(Eds.), Evolution and the aquatic ecosystem: defining unique units in population 
conservation, symposium (pp. 249–262). Maryland: American Fisheries 
Society. 
Muller, C. G., Chilvers, B. L., Barker, Z., Barnsdale, K. P., Battley, P. F., French, R. K., 
. . . Samandari, F. (2019). Aerial VHF tracking of wildlife using an unmanned 
aerial vehicle (UAV): comparing efficiency of yellow-eyed penguin (Megadyptes 
145 
 
antipodes) nest location methods. Wildlife Research, 46(2), 145-153, 149. 
https://doi.org/10.1071/WR17147 
Muniz, F. L., Campos, Z., Rangel, S. M. H., Martínez, J. G., Souza, B. C., De Thoisy, 
B., . . . Farias, I. P. (2018). Delimitation of evolutionary units in Cuvier’s dwarf 
caiman, Paleosuchus palpebrosus (Cuvier, 1807): insights from conservation 
of a broadly distributed species. Conservation Genetics, 19(3), 599-610. 
https://doi.org/10.1007/s10592-017-1035-6 
Muniz, F. L., Da Silveira, R., Campos, Z., Magnusson, W. E., Hrbek, T., & Farias, I. P. 
(2011). Multiple paternity in the black caiman (Melanosuchus niger) population 
in the Anavilhanas National Park, Brazilian Amazonia. Amphibia-Reptilia, 32(3), 
428-434. https://doi.org/10.1163/017353711X587741 
Murphy, P. G., & Lugo, A. E. (1986). Ecology of tropical dry forest. Annual Review of 
Ecology and Systematics, 17(1), 67-88.  
Mwalyosi, R. B. B. (1991). Ecological evaluation for wildlife corridors and buffer zones 
for Lake Manyara National Park, Tanzania, and its immediate environment. 
Biological Conservation, 57(2), 171-186.  
Myers, N., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A., & Kent, J. (2000). 
Biodiversity hotspots for conservation priorities. Nature, 403(6772), 853. 
Retrieved from https://www.nature.com/articles/35002501.pdf 
Naveda-Rodriguez, A., Utreras, V., & Zapata-Ríos, G. (2020). A standardized 
monitoring protocol for the black caiman (Melanosuchus niger). Wildlife 
Research, 47(2). https://doi.org/10.1071/WR19135 
Nelson-Tunley, M., Morgan-Richards, M., & Trewick, S. A. (2016). Genetic diversity 
and gene flow in a rare New Zealand skink despite fragmented habitat in a 
volcanic landscape. Biological Journal of the Linnean Society, 119(1), 37-51. 
https://doi.org/10.1111/bij.12807 
Nguyen, T. T., Ziegler, T., Rauhaus, A., Nguyen, T. Q., Tran, D. T. A., Wayakone, S., 
. . . Le, M. D. (2018). Genetic screening of siamese crocodiles (Crocodylus 
siamensis) in Laos and Vietnam: Identifying purebred individuals for 
146 
 
conservation and release programs. IUCN/SSC Crocodile Specialist Group 
Newsletter, 37(3), 8-14. 
http://www.iucncsg.org/365_docs/attachments/protarea/b0c9ec00c3b7e9d72a
c6435d81f8320a.pdf 
Nollet, L. M., & De Gelder, L. S. w. (2000). Handbook of water analysis. New York: 
Marcel Dekker. 
Nolte, A. W., & Tautz, D. (2010). Understanding the onset of hybrid speciation. Trends 
in Genetics, 26(2), 54-58. https://www.doi.org/10.1016/j.tig.2009.12.001 
Nomura, T. (2008). Estimation of effective number of breeders from molecular 
coancestry of single cohort sample. Evolutionary Applications, 1(3), 462-474. 
https://doi.org/10.1111/j.1752-4571.2008.00015.x 
Nunney, L. (1993). The influence of mating system and overlapping generations on 
effective population size. Evolution, 47(5), 1329-1341. 
https://doi.org/10.1111/j.1558-5646.1993.tb02158.x 
O'Farrill, G., Gauthier Schampaert, K., Rayfield, B., Bodin, O., Calme, S., Sengupta, 
R., & Gonzalez, A. (2014). The potential connectivity of waterhole networks and 
the effectiveness of a protected area under various drought scenarios. PLoS 
One, 9(5), e95049. https://www.doi.org/10.1371/journal.pone.0095049 
Oaks, J. R. (2011). A time-calibrated species tree of Crocodylia reveals a recent 
radiation of the true crocodiles. Evolution, 65(11), 3285-3297. 
https://www.doi.org/10.1111/j.1558-5646.2011.01373.x 
Ojeda, G. N., Amavet, P. S., Rueda, E. C., Siroski, P. A., & Larriera, A. (2016). Mating 
System of Caiman yacare (Reptilia: Alligatoridae) Described from Microsatellite 
Genotypes. Journal of Heredity, 108(2), 135-141. 
https://doi.org/10.1093/jhered/esw080 
Oliveira, D. P., Marioni, B., Farias, I., & Hrbek, T. (2014). Genetic evidence for 
polygamy as a mating strategy in Caiman crocodilus. Journal of Heredity, 
105(4), 485-492. https://doi.org/10.1093/jhered/esu020 
147 
 
Omann, I., Stocker, A., & Jäger, J. (2009). Climate change as a threat to biodiversity: 
An application of the DPSIR approach. Ecological Economics, 69(1), 24-31.  
Ottenburghs, J., Kraus, R. H. S., van Hooft, P., van Wieren, S. E., Ydenberg, R. C., & 
Prins, H. H. T. (2017). Avian introgression in the genomic era. Avian Research, 
8(1). https://doi.org/10.1186/s40657-017-0088-z 
Pacheco-Sierra, G. (2010). Caracterización genética de Crocodylus moreletii en la 
Reserva de la Biósfera Ría Lagartos, Yucatán México: Estructura genética 
poblacional y evidencia de hibridación entre C. moreletii y C. acutus. (Master's 
Degree). Universidad Autónoma de Yucatán, Mérida - Yucatán, Mexico.  
Pacheco-Sierra, G., Gompert, Z., Dominguez-Laso, J., & Vazquez-Dominguez, E. 
(2016). Genetic and morphological evidence of a geographically widespread 
hybrid zone between two crocodile species, Crocodylus acutus and Crocodylus 
moreletii. Molecular Ecology, 25(14), 3484-3498. 
https://doi.org/10.1111/mec.13694 
Pacheco-Sierra, G., Vázquez-Domínguez, E., Pérez-Alquicira, J., Suárez-Atilano, M., 
& Domínguez-Laso, J. (2018). Ancestral hybridization yields evolutionary 
distinct hybrids lineages and species boundaries in crocodiles, posing unique 
conservation conundrums. Frontiers in Ecology and Evolution, 6, 138. 
https://doi.org/10.3389/fevo.2018.00138 
Palacios, D. L. (2020). The Mayan Train raises a new leviathan in Mexico: civil society 
organizations. Justicia en las Américas.  
Palmer, M. L., & Mazzotti, F. J. (2004). Structure of Everglades alligator holes. 
Wetlands, 24(1), 115-122.  
Paris, J. R., Stevens, J. R., & Catchen, J. M. (2017). Lost in parameter space: a road 
map for stacks. Methods in Ecology and Evolution, 8(10), 1360-1373. 
https://doi.org/10.1111/2041-210X.12775 
Payseur, B. A., & Rieseberg, L. H. (2016). A genomic perspective on hybridization and 




Pearse, A. S., Creaser, E. P., & Hall, F. G. (1936). The cenotes of Yucatan: A 
zoological and hydrographic survey. Washington DC: Carnegie Institution of 
Washington. 
Pechmann, J. H. K., Scott, D. E., Gibbons, J. W., & Semlitsch, R. D. (1989). Influence 
of wetland hydroperiod on diversity and abundance of metamorphosing juvenile 
amphibians. Wetlands Ecology and Management, 1(1), 3-11.  
Pérez-Cortez, S., Enriquez, P. L., Sima-Panti, D., Reyna-Hurtado, R., & Naranjo, E. J. 
(2012). Influencia de la disponibilidad de agua en la presencia y abundancia de 
Tapirus bairdii en la selva de Calakmul, Campeche, México. Revista Mexicana 
de Biodiversidad, 83(3), 753-761. https://doi.org/10.7550/rmb.25095 
Peters, J. M., Queller, D. C., Imperatriz–Fonseca, V. L., Roubik, D. W., & Strassmann, 
J. E. (1999). Mate number, kin selection and social conflicts in stingless bees 
and honeybees. Proceedings of the Royal Society of London. Series B: 
Biological Sciences, 266(1417), 379-384. 
https://doi.org/10.1098/rspb.1999.0648 
Pew, J., Muir, P. H., Wang, J., & Frasier, T. R. (2015). related: an R package for 
analysing pairwise relatedness from codominant molecular markers. Molecular 
Ecology Resources, 15(3), 557-561. https://doi.org/10.1111/1755-0998.12323 
Phillips, T. B., Ballard, H. L., Lewenstein, B. V., & Bonney, R. (2019). Engagement in 
science through citizen science: Moving beyond data collection. Science 
Education, 103(3), 665-690. https://www.doi.org/10.1002/sce.21501 
Piertney, S. B., Maccoll, A. D. C., Bacon, P. J., & Dallas, J. F. (1998). Local genetic 
structure in red grouse (Lagopus lagopus scoticus): evidence from 
microsatellite DNA markers. Molecular Ecology, 7(12), 1645-1654. 
https://doi.org/10.1046/j.1365-294x.1998.00493.x 
Platt, S. G. (2000). Dens and denning behavior of Morelet's crocodile (Crocodylus 
moreletii). Amphibia-Reptilia, 21(2), 232-237.  
149 
 
Platt, S. G., Sigler, L., & Rainwater, T. R. (2010). Morelet’s crocodile Crocodylus 
moreletii. Crocodiles: Status Survey and Conservation Action Plan, 79-83. 
Retrieved from http://www.iucncsg.org/ 
Platt, S. G., & Thorbjarnarson, J. B. (2000). Population status and conservation of 
Morelet's crocodile, Crocodylus moreletii, in northern Belize. Biological 
Conservation, 96(1), 21-29. https://doi.org/10.1016/s0006-3207(00)00039-2 
Porter Bolland, L., Drew, A. P., & Vergara-Tenorio, C. (2006). Analysis of a natural 
resources management system in the Calakmul Biosphere Reserve. 
Landscape and Urban Planning, 74(3), 223-241. 
https://doi.org/10.1016/j.landurbplan.2004.09.005 
Portnoy, D. S., Piercy, A. N., Musick, J. A., Burgess, G. H., & Graves, J. E. (2007). 
Genetic polyandry and sexual conflict in the sandbar shark, Carcharhinus 
plumbeus, in the western North Atlantic and Gulf of Mexico. Molecular Ecology, 
16(1), 187-197. https://doi.org/10.1111/j.1365-294X.2006.03138.x 
Priol, P., Mazerolle, M. J., Imbeau, L., Drapeau, P., Trudeau, C., & Ramiere, J. (2014). 
Using dynamic N‐mixture models to test cavity limitation on northern flying 
squirrel demographic parameters using experimental nest box 
supplementation. Ecology and Evolution, 4(11), 2165-2177. 
https://doi.org/10.1002/ece3.1086 
Prior, K. (2013). Water purity – Myths and challenges. Science in Parliament, 70(3), 
36-37. Retrieved from 
https://www.rsc.org/Membership/Networking/InterestGroups/WaterScience/wa
ter-purity.asp 
Pskowski, M. (2019). Mexico’s “Mayan Train” is bound for controversy. CityLab Daily.  
Pusey, A., & Wolf, M. (1996). Inbreeding avoidance in animals. Trends in Ecology & 
Evolution, 11(5), 201-206. https://doi.org/10.1016/0169-5347(96)10028-8 
QGIS Development Team. (2019). QGIS Geographic Information System: Open 
Source Geospatial Foundation Project. Retrieved from http://qgis.osgeo.org 
150 
 
Queller, D. C., & Goodnight, K. F. (1989). Estimating relatedness using genetic 
markers. Evolution, 43(2), 258-275. https://doi.org/10.1111/j.1558-
5646.1989.tb04226.x 
R Development Core Team. (2019). R: A language and environment for statistical 
computing. Vienna, Austria: R Foundation for Statistical Computing. Retrieved 
from https://www.R-project.org/ 
Rafajlović, M., Eriksson, A., Rimark, A., Hintz-Saltin, S., Charrier, G., Panova, M., . . . 
Mehlig, B. (2013). The effect of multiple paternity on genetic diversity of small 
populations during and after colonisation. PLoS ONE, 8(10), e75587. 
https://doi.org/10.1371/journal.pone.0075587 
Raj, A., Stephens, M., & Pritchard, J. K. (2014). fastSTRUCTURE: Variational 
inference of population structure in large SNP data sets. Genetics, 197(2), 573-
589. https://doi.org/10.1534/genetics.114.164350 
Ray, D. A., Dever, J. A., Platt, S. G., Rainwater, T. R., Finger, A. G., McMurry, S. T., . 
. . Densmore III, L. D. (2004). Low levels of nucleotide diversity in Crocodylus 
moreletii and evidence of hybridization with C. acutus. Conservation Genetics, 
5(4), 449-462. https://doi.org/10.1023/B:COGE.0000041024.96928.fe 
Revilla, E., Wiegand, T., Palomares, F., Ferreras, P., & Delibes, M. (2004). Effects of 
matrix heterogeneity on animal dispersal: from individual behavior to 
metapopulation-level parameters. The American Naturalist, 164(5), E130-
E153. https://doi.org/10.1086/424767 
Reyna-Hurtado, R., O’Farril, G., Sima, D., Andrade, M., Padilla, A., & Sosa, L. (2010). 
Las aguadas de Calakmul, reservorios de fauna silvestre y de la riqueza natural 
de México [Aguadas of Calakmul. Reservoirs of wildlife and natural wealth of 
Mexico]. Biodiversitas, 93, 1-6. Retrieved from 
http://individual.utoronto.ca/georginaofarr/xoxo_ofarrill/Publications_files/Biodi
versitas%2093.pdf 
Reyna-Hurtado, R., Rojas-Flores, E., & Tanner, G. W. (2009). Home range and habitat 
preferences of white-lipped peccaries (Tayassu pecari) in Calakmul, 
151 
 
Campeche, Mexico. Journal of Mammalogy, 90(5), 1199-1209. 
http://doi.org/10.1644/08-MAMM-A-246.1 
Reyna-Hurtado, R., Sanvicente-López, M., Perez-Flores, J. S., Carrillo-Reyna, N., & 
Calmé, S. (2016). Insights into the multiannual home range of a Baird’s tapir 
(Tapirus bairdii) in the Maya Forest. Therya, 7(2). 
https://doi.org/10.12933/therya-16-348 
Reyna-Hurtado, R., Sima-Pantí, D., Andrade, M., Padilla, A., Retana-Guaiscon, Ó., 
Sánchez-Pinzón, K., . . . Arias-Dominguez, N. (2019). Tapir population patterns 
under the disappearance of free-standing water. Therya, 10, 353-358. 
https://doi.org/10.12933/therya-19-902 
Rhymer, J. M., & Simberloff, D. (1996). Extinction by hybridization and introgression. 
Annual Review of Ecology and Systematics, 27(1), 83-109. 
https://www.doi.org/10.1146/annurev.ecolsys.27.1.83 
Ricketts, T. H. (2001). The matrix matters: effective isolation in fragmented 
landscapes. The American Naturalist, 158(1), 87-99. 
https://doi.org/10.1086/320863 
Ritchie, J. C., Zimba, P. V., & Everitt, J. H. (2003). Remote sensing techniques to 
assess water quality. Photogrammetric Engineering & Remote Sensing, 69(6), 
695-704. https://doi.org/10.14358/PERS.69.6.695 
Ritland, K. (2000). Marker-inferred relatedness as a tool for detecting heritability in 
nature. Molecular Ecology, 9(9), 1195-1204. https://doi.org/10.1046/j.1365-
294x.2000.00971.x 
Rivera-Téllez, E., Segurajáuregui, G. L., Antaño Díaz, L., & Benítez Díaz, H. (2017). 
Informe del Programa de Monitoreo del Cocodrilo de Pantano en México, 
temporadas 2014 a 2015 y análisis de tendencias del 2011 al 2015. Mexico: 
Comisión Nacional para el Conocimiento y Uso de la Biodiversidad 
(CONABIO). 
Roberto, I. J., Bittencourt, P. S., Muniz, F. L., Hernández-Rangel, S. M., Nóbrega, Y. 
C., Ávila, R. W., . . . Hrbek, T. (2020). Unexpected but unsurprising lineage 
152 
 
diversity within the most widespread Neotropical crocodilian genus Caiman 
(Crocodylia, Alligatoridae). Systematics and Biodiversity, 1-19. 
https://www.doi.org/10.1080/14772000.2020.1769222 
Robinson, J. T., Thorvaldsdóttir, H., Winckler, W., Guttman, M., Lander, E. S., Getz, 
G., & Mesirov, J. P. (2011). Integrative genomics viewer. Nature Biotechnology, 
29(1), 24-26. https://doi.org/10.1038/nbt.1754 
Rochette, N. C., & Catchen, J. M. (2017). Deriving genotypes from RAD-seq short-
read data using Stacks. Nature Protocols, 12(12), 2640. 
https://doi.org/10.1038/nprot.2017.123 
Rochette, N. C., Rivera-Colón, A. G., & Catchen, J. M. (2019). Stacks 2: Analytical 
methods for paired-end sequencing improve RADseq-based population 
genomics. Molecular Ecology, 28(21), 4737-4754. 
https://doi.org/10.1111/mec.15253 
Rodriguez, D., Cedeño-Vázquez, J. R., Forstner, M. R. J., & Densmore III, L. D. 
(2008). Hybridization Between Crocodylus acutus and Crocodylus moreletii in 
the Yucatan Peninsula: II. Evidence From Microsatellites. Journal of 
Experimental Zoology Part A: Ecological Genetics and Physiology, 309A(10), 
674-686. https://doi.org/10.1002/jez.499 
Romano, A., Costa, A., Basile, M., Raimondi, R., Posillico, M., Roger, D. S., . . . 
Matteucci, G. (2017). Conservation of salamanders in managed forests: 
Methods and costs of monitoring abundance and habitat selection. Forest 
Ecology and Management, 400, 12-18. 
https://doi.org/10.1016/j.foreco.2017.05.048 
Rosenblatt, A. E., Heithaus, M. R., Mather, M. E., Matich, P., Nifong, J. C., Ripple, W. 
J., & Silliman, B. R. (2013). The roles of large top predators in coastal 
ecosystems: new insights from long term ecological research. Oceanography, 
26(3), 156-167. Retrieved from http://www.jstor.org/stable/24862078 
Ross, C. A. (1989). Crocodiles and alligators. London: Merehurst Press. 
153 
 
Ross, C. A., & Ross, F. D. (1974). Caudal scalation of central american Crocodylus. 
Proceedings of the Biological Society of Washington, 87(21), 231-234. 
Retrieved from <Go to ISI>://BCI:BCI197560012871 
Ross, F., & Mayer, G. (1983). On the dorsal armor of the Crocodilia. In A. G. J. Rhodin 
& K. Miyata (Eds.), Advances in Herpetology and Evolutionary Biology (pp. 305-
331). Cambridge: Museum of Comparative Zoology. 
Rossi, N. A., Menchaca-Rodriguez, A., Antelo, R., Wilson, B., McLaren, K., Mazzotti, 
F. J., . . . Amato, G. (2020). High levels of population genetic differentiation in 
the American crocodile (Crocodylus acutus). PLoS One, 15(7), e0235288. 
https://doi.org/10.1371/journal.pone.0235288 
Row, J. R., & Blouin-Demers, G. (2006). Kernels are not accurate estimators of home-
range size for herpetofauna. Copeia, 2006(4), 797-802.  
Rowe, S., & Hutchings, J. A. (2003). Mating systems and the conservation of 
commercially exploited marine fish. Trends in Ecology & Evolution, 18(11), 567-
572. https://doi.org/10.1016/j.tree.2003.09.004 
Royle, J. A. (2004). N-Mixture Models for Estimating Population Size from Spatially 
Replicated Counts. Biometrics, 60(1), 108-115. https://doi.org/10.1111/j.0006-
341X.2004.00142.x 
RStudio Team. (2016). RStudio: Integrated Development for R. Boston - 
Massachusetts, USA: RStudio, Inc. Retrieved from http://www.rstudio.com/ 
Ryder, O. A. (1986). Species conservation and systematics: the dilemma of 
subspecies. Trends in Ecology & Evolution, 1(1), 9-10. 
https://doi.org/10.1016/0169-5347(86)90059-5 
Rymer, T. L., Pillay, N., & Schradin, C. (2016). Resilience to droughts in mammals: A 
conceptual framework for estimating vulnerability of a single species. The 




Saccheri, I., Kuussaari, M., Kankare, M., Vikman, P., Fortelius, W., & Hanski, I. (1998). 
Inbreeding and extinction in a butterfly metapopulation. Nature, 392(6675), 
491-494. https://doi.org/10.1038/33136 
Sánchez-Herrera, O., Segurajáuregui, G. L., Ortiz de la Huerta, A. G. N., & Benítez 
Díaz, H. (2011). Programa de Monitoreo del Cocodrilo de Pantano (Crocodylus 
moreletii) México-Belice-Guatemala México. Mexico: Comisión Nacional para 
el Conocimiento y Uso de la Biodiversidad (CONABIO). 
Sánchez-Pinzón, K., Reyna-Hurtado, R., Naranjo, E., & Keuroghlian, A. (2020). 
Peccaries and their relationship with water availability and their predators in 
Calakmul, México. Therya, 11, 212-212. https://doi.org/10.12933/therya-20-
878 
Sarre, S. D., & Georges, A. (2009). Genetics in conservation and wildlife management: 
a revolution since Caughley. Wildlife Research, 36(1), 70–80. 
http://doi.org/10.1071/WR08066w 
Saunders, I. W., Brohede, J., & Hannan, G. N. (2007). Estimating genotyping error 
rates from Mendelian errors in SNP array genotypes and their impact on 
inference. Genomics, 90(3), 291-296. 
https://doi.org/10.1016/j.ygeno.2007.05.011 
Schenider, R. L., Krasny, M. E., & Morreale, S. J. (2001). Hands-on herpetology: 
Exploring ecology and conservation. Arlington, Virginia: NSTA press. 
Schiller, A., Hunsaker, C. T., Kane, M. A., Wolfe, A. K., Dale, V. H., Suter, G. W., . . . 
Konar, V. C. (2001). Communicating ecological indicators to decision makers 
and the public. Conservation Ecology, 5(1). https://doi.org/10.5751/ES-00247-
050119 
Selkoe, K. A., & Toonen, R. J. (2006). Microsatellites for ecologists: a practical guide 
to using and evaluating microsatellite markers. Ecol Lett, 9(5), 615-629. 
https://doi.org/10.1111/j.1461-0248.2006.00889.x 
Serrano-Gomez, S. S., Guevara-Chumacero, L. M., Barriga-Sosa, I. D. L. A., Ulloa-
Arvizu, R., Gonzalez-Guzman, S., & Vazquez-Pelaez, C. G. (2016). Low levels 
155 
 
of genetic diversity in Crocodylus acutus in Oaxaca and Guerrero, Mexico, and 
molecular-morphological evidence of the presence of C. moreletii. Biochemical 
Systematics and Ecology, 69, 51-59. https://doi.org/10.1016/j.bse.2016.08.005 
Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., . . . Ideker, 
T. (2003). Cytoscape: A Software Environment for Integrated Models of 
Biomolecular Interaction Networks. Genome Research, 13(11), 2498-2504. 
https://doi.org/10.1101/gr.1239303 
Sharer, R. J. (1998). La civilización Maya. México, D.F.: Fondo de Cultura Económica. 
Sigler, L., & Gallegos, J. (2017). El conocimiento sobre el cocodrilo de Morelet 
Crocodylus moreletii (Duméril y Duméril 1851) en México, Belice y Guatemala. 
Mexico: Comisión Nacional para el Conocimiento y Uso de la Biodiversidad 
(CONABIO). 
Skotte, L., Korneliussen, T. S., & Albrechtsen, A. (2013). Estimating Individual 
Admixture Proportions from Next Generation Sequencing Data. Genetics, 
195(3), 693-702. https://doi.org/10.1534/genetics.113.154138 
Slater, K., Didcott, A., & Daw, J. (2020). Biodiversity Monitoring in the Calakmul 
Biosphere Reserve 2014-2019: Results pertaining to prolonged drought, 
disappearing aguadas and the associated impact on fauna. Retrieved from 
Lincolshire, UK: https://www.opwall.com/uploads/2020/09/Calakmul-
Biodiversity-Monitoring-Report-2014-2019.pdf 
Slatkin, M. (1987). Gene flow and the geographic structure of natural populations. 
Science, 236(4803), 787-792. https://doi.org/10.1126/science.3576198 
Slatkin, M. (2017). Gene flow and population structure. In L. Real (Ed.), Ecological 
Genetics (Vol. 4855, pp. 256). UK: Princeton University Press. 
Smit, I. P. J., Grant, C. C., & Whyte, I. J. (2007). Elephants and water provision: what 




Smith, R. A., Schwarz, G. E., & Alexander, R. B. (1997). Regional interpretation of 
water‐quality monitoring data. Water Resources Research, 33(12), 2781-2798. 
https://doi.org/10.1029/97WR02171 
Smith, T. B., Kark, S., Schneider, C. J., Wayne, R. K., & Moritz, C. (2001). Biodiversity 
hotspots and beyond: the need for preserving environmental transitions. Trends 
in Ecology & Evolution, 16(8), 431. https://doi.org/10.1016/S0169-
5347(01)02201-7 
Snodgrass, J. W., Komoroski, M. J., Bryan, A. L., & Burger, J. (2000). Relationships 
among isolated wetland size, hydroperiod, and amphibian species richness: 
implications for wetland regulations. Conservation Biology, 14(2), 414-419.  
Somasundaram, J., Lal, R., Sinha, N. K., Dalal, R., Chitralekha, A., Chaudhary, R. S., 
& Patra, A. K. (2018). Cracks and potholes in vertisols: Characteristics, 
occurrence, and management. In D. L. Sparks (Ed.), Advances in Agronomy 
(Vol. 149, pp. 93-159): Academic Press. 
Somaweera, R., Nifong, J., Rosenblatt, A., Brien, M. L., Combrink, X., Elsey, R. M., . 
. . Webber, B. L. (2020). The ecological importance of crocodylians: towards 
evidence-based justification for their conservation. Biological Reviews, 95(2). 
https://doi.org/10.1111/brv.12594 
Soroye, P., Ahmed, N., & Kerr, J. T. (2018). Opportunistic citizen science data 
transform understanding of species distributions, phenology, and diversity 
gradients for global change research. Global Change Biology, 24(11), 5281-
5291. https://www.doi.org/10.1111/gcb.14358 
Stanley, R. R. E., Jeffery, N. W., Wringe, B. F., DiBacco, C., & Bradbury, I. R. (2017). 
genepopedit: a simple and flexible tool for manipulating multilocus molecular 
data in R. Molecular Ecology Resources, 17(1), 12-18. 
https://doi.org/10.1111/1755-0998.12569 
Steelman, T. A. (2005). Elite and participatory policymaking: Finding balance in a case 




Still, C. J., Foster, P. N., & Schneider, S. H. (1999). Simulating the effects of climate 
change on tropical montane cloud forests. Nature, 398(6728), 608.  
Stuart, S. N., Chanson, J. S., Cox, N. A., Young, B. E., Rodrigues, A. S., Fischman, 
D. L., & Waller, R. W. (2004). Status and trends of amphibian declines and 
extinctions worldwide. Science, 306(5702), 1783-1786. Retrieved from 
https://science.sciencemag.org/content/sci/306/5702/1783.full.pdf 
Sugg, D. W., & Chesser, R. K. (1994). Effective population sizes with multiple 
paternity. Genetics, 137(4), 1147-1155. Retrieved from 
https://www.genetics.org/content/genetics/137/4/1147.full.pdf 
Sullivan, B. K., Ryan, M. J., & Verrell, P. A. (1995). Female choice and mating system 
structure. In H. Heatwole & B. K. Sullivan (Eds.), Amphibian Biology (Vol. 2, pp. 
469-517): Surrey Beatty & Sons. 
Sutherland, W. J. (2006). Ecological census techniques: a handbook: Cambridge 
University Press. 
Taylor, A. C., Sherwin, W. B., & Wayne, R. K. (1994). Genetic variation of microsatellite 
loci in a bottlenecked species: the northern hairy-nosed wombat Lasiorhinus 
krefftii. Molecular Ecology, 3(4), 277-290. https://doi.org/10.1111/j.1365-
294X.1994.tb00068.x 
Taylor, C. R. (1970). Strategies of temperature regulation: effect on evaporation in 
East African ungulates. American Journal of Physiology-Legacy Content, 
219(4), 1131-1135.  
Tellez, M., Arevalo, B., Paquet-Durand, I., & Heflick, S. (2017). Population status of 
Morelet’s crocodile (Crocodylus moreletii) in Chirquibul Forest, Belize. 
Mesoamerican Herpetology, 4(1), 8-21.  
Thrasher, D. J., Butcher, B. G., Campagna, L., Webster, M. S., & Lovette, I. J. (2018). 
Double-digest RAD sequencing outperforms microsatellite loci at assigning 
paternity and estimating relatedness: A proof of concept in a highly 




Toews, D. P., & Brelsford, A. (2012). The biogeography of mitochondrial and nuclear 
discordance in animals. Molecular Ecology, 21(16), 3907-3930. 
https://www.doi.org/10.1111/j.1365-294X.2012.05664.x 
Tortereau, F., Moreno, C. R., Tosser-Klopp, G., Servin, B., & Raoul, J. (2017). 
Development of a SNP panel dedicated to parentage assignment in French 
sheep populations. BMC Genetics, 18(1), 50. https://doi.org/10.1186/s12863-
017-0518-2 
Trenberth, K. E. (2011). Changes in precipitation with climate change. Climate 
Research, 47(1-2), 123-138.  
Trontti, K., Thurin, N., Sundström, L., & Aron, S. (2006). Mating for convenience or 
genetic diversity? Mating patterns in the polygynous ant Plagiolepis pygmaea. 
Behavioral Ecology, 18(2), 298-303. https://doi.org/10.1093/beheco/arl083 
Truong, H. T., Ramos, A. M., Yalcin, F., de Ruiter, M., van der Poel, H. J. A., 
Huvenaars, K. H. J., . . . van Eijk, M. J. T. (2012). Sequence-based genotyping 
for marker discovery and co-dominant scoring in germplasm and populations. 
PLoS ONE, 7(5), e37565. https://doi.org/10.1371/journal.pone.0037565 
Tulloch, A. I. T., Possingham, H. P., Joseph, L. N., Szabo, J., & Martin, T. G. (2013). 
Realising the full potential of citizen science monitoring programs. Biological 
Conservation, 165, 128-138. https://doi.org/10.1016/j.biocon.2013.05.025 
Uller, T., & Olsson, M. (2008). Multiple paternity in reptiles: patterns and processes. 
Molecular Ecology, 17(11), 2566-2580. https://doi.org/10.1111/j.1365-
294X.2008.03772.x 
UNESCO. (2016). Decisions adopted during the 40th session of the World Heritage 
Committee (Istanbul/UNESCO, 2016). Retrieved from 
http://whc.unesco.org/archive/2016/whc16-40com-19-en.pdf:  
Urbina-Cardona, J. N. (2008). Conservation of neotropical herpetofauna: Research 




Ursprung, E., Ringler, M., Jehle, R., & Hödl, W. (2011). Strong male/male competition 
allows for nonchoosy females: high levels of polygynandry in a territorial frog 
with paternal care. Molecular Ecology, 20(8), 1759-1771. 
https://doi.org/10.1111/j.1365-294X.2011.05056.x 
Valencia Díaz, X. G. (2001). Fluctuaciones estaciónales de la densidad de peces en 
aguadas de la región de Calakmul, Campeche. (B.Sc.). Universidad Autónoma 
de México, Campeche, Mexico.  
Valenzuela, N. (2000). Multiple paternity in side-neck turtles Podocnemis expansa: 
evidence from microsatellite DNA data. Molecular Ecology, 9(1), 99-105. 
https://doi.org/10.1046/j.1365-294x.2000.00806.x 
Vashistha, G., Deepika, S., Dhakate, P. M., Khudsar, F. A., & Kothamasi, D. (2020). 
The effectiveness of microsatellite DNA as a genetic tool in crocodilian 
conservation. Conservation Genetics Resources, 12(4), 733-744. 
http://doi.org/10.1007/s12686-020-01164-6 
Vega-Cendejas, M. E., Santillana, M. H. d., & Norris, S. (2013). Habitat characteristics 
and environmental parameters influencing fish assemblages of karstic pools in 
southern Mexico. Neotropical Ichthyology, 11(4), 859-870. 
http://doi.org/10.1590/S1679-62252013000400014 
Vega, R., Vázquez-Domínguez, E., White, T. A., Valenzuela-Galván, D., & Searle, J. 
B. (2017). Population genomics applications for conservation: the case of the 
tropical dry forest dweller Peromyscus melanophrys. Conservation Genetics, 
18(2), 313-326. https://www.doi.org/10.1007/s10592-016-0907-5 
Vekemans, X., & Hardy, O. J. (2004). New insights from fine-scale spatial genetic 
structure analyses in plant populations. Molecular Ecology, 13(4), 921-935. 
https://doi.org/10.1046/j.1365-294X.2004.02076.x 
Velo-Antón, G., Godinho, R., Campos, J. C., & Brito, J. C. (2014). Should I Stay or 
Should I Go? Dispersal and Population Structure in Small, Isolated Desert 




Ver Hoef, J. M., & Boveng, P. L. (2007). Quasi‐Poisson vs. negative binomial 
regression: how should we model overdispersed count data? Ecology, 88(11), 
2766-2772. https://doi.org/10.1890/07-0043.1 
Versfeld, W. F. (2016). Nile crocodile (Crocodylus niloticus) genetic diversity and 
population structure, within the lower Kunene and Okavango Rivers of northern 
Namibia. (PhD). Stellenbosch: Stellenbosch University,  
Vester, H. F. M., Lawrence, D., Eastman, J. R., Turner, B. L., Calmé, S., Dickson, R., 
. . . Sangermano, F. (2007). Land change in the southern Yucatan and 
Calakmul Biosphere Reserve: effects on habitat and biodiversity. Ecological 
Applications, 17(4), 989-1003. https://doi.org/10.1890/05-1106 
Villa, F. (2020). Mayan Train threats ecosystems in Bacalar. Mexicanist, with 
information from Luces del Siglo.  
Villela, P. M. S., Coutinho, L. L., Piña, C. I., & Verdade, L. M. (2008). Macrogeographic 
genetic variation in broad-snouted caiman (Caiman latirostris). Journal of 
Experimental Zoology Part A: Ecological Genetics and Physiology, 309A(10), 
628-636. https://doi.org/10.1002/jez.489 
Visscher, P. M., Medland, S. E., Ferreira, M. A. R., Morley, K. I., Zhu, G., Cornes, B. 
K., . . . Martin, N. G. (2006). Assumption-Free Estimation of Heritability from 
Genome-Wide Identity-by-Descent Sharing between Full Siblings. PLOS 
Genetics, 2(3), e41. https://doi.org/10.1371/journal.pgen.0020041 
Vitt, L. J., & Caldwell, J. P. (2013). Herpetology: an introductory biology of amphibians 
and reptiles: Academic press. 
Waddle, J. H., Brandt, L. A., Jeffery, B. M., & Mazzotti, F. J. (2015). Dry years decrease 
abundance of American alligators in the Florida Everglades. Wetlands, 35(5), 
865-875. https://doi.org/10.1007/s13157-015-0677-8 
Wang, J. (2002). An Estimator for Pairwise Relatedness Using Molecular Markers. 




Wang, J. (2009). A new method for estimating effective population sizes from a single 
sample of multilocus genotypes. Molecular Ecology, 18(10), 2148-2164. 
https://doi.org/10.1111/j.1365-294X.2009.04175.x 
Wang, J. (2011). COANCESTRY: a program for simulating, estimating and analysing 
relatedness and inbreeding coefficients. Molecular Ecology Resources, 11(1), 
141-145. https://doi.org/10.1111/j.1755-0998.2010.02885.x 
Ward, R. J., Griffiths, R. A., Wilkinson, J. W., & Cornish, N. (2017). Optimising 
monitoring efforts for secretive snakes: a comparison of occupancy and N-
mixture models for assessment of population status. Scientific Reports, 7(1), 
18074. https://doi.org/10.1038/s41598-017-18343-5 
Weinman, L. R., Solomon, J. W., & Rubenstein, D. R. (2015). A comparison of single 
nucleotide polymorphism and microsatellite markers for analysis of parentage 
and kinship in a cooperatively breeding bird. Molecular Ecology Resources, 
15(3), 502-511. https://www.doi.org/10.1111/1755-0998.12330 
Welvaert, M., & Caley, P. (2016). Citizen surveillance for environmental monitoring: 
combining the efforts of citizen science and crowdsourcing in a quantitative data 
framework. SpringerPlus, 5(1w), 1890. https://www.doi.org/10.1186/s40064-
016-3583-5 
Wenger, S. J., & Freeman, M. C. (2008). Estimating species occurrence, abundance, 
and detection probability using zero‐inflated distributions. Ecology, 89(10), 
2953-2959. https://doi.org/10.1890/07-1127.1 
Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York: Springer-
Verlag. 
Wiens, J., Kuczynski, C. A., & Stephens, P. R. (2010). Discordant mitochondrial and 
nuclear gene phylogenies in emydid turtles: implications for speciation and 
conservation. Biological Journal of the Linnean Society, 99, 445–461. 
https://doi.org/10.1111/j.1095-8312.2009.01342.x 
Williams, S. E., Bolitho, E. E., & Fox, S. (2003). Climate change in Australian tropical 
rainforests: an impending environmental catastrophe. Proceedings of the Royal 
162 
 
Society of London B: Biological Sciences, 270(1527), 1887-1892. Retrieved 
from 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1691452/pdf/14561301.pdf 
Willing, E.-M., Dreyer, C., & van Oosterhout, C. (2012). Estimates of genetic 
differentiation measured by Fst do not necessarily require large sample sizes 
when using many SNP markers. PLoS ONE, 7(8), e42649. 
https://doi.org/10.1371/journal.pone.0042649 
Wink, M., & Dyrcz, A. (1999). Mating systems in birds: a review of molecular studies. 
Acta Ornithologica, 34(2), 91-109.  
Wood, J. M., Woodward, A. R., Humphrey, S. R., & Hines, T. C. (1985). Night counts 
as an index of american alligator population trends. Wildlife Society Bulletin, 
13(3), 262-273. https://www.jstor.org/stable/3782490 
Woodward, G., Perkins, D. M., & Brown, L. E. (2010). Climate change and freshwater 
ecosystems: impacts across multiple levels of organization. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 365(1549), 2093-
2106. https://doi.org/10.1098/rstb.2010.0055 
Wringe, B. F., Stanley, R. R. E., Jeffery, N. W., Anderson, E. C., & Bradbury, I. R. 
(2017). hybriddetective: A workflow and package to facilitate the detection of 
hybridization using genomic data in r. Molecular Ecology Resources, 17(6), 
e275-e284. http://doi.org/10.1111/1755-0998.12704 
Wu, T. D., Reeder, J., Lawrence, M., Becker, G., & Brauer, M. J. (2016). GMAP and 
GSNAP for Genomic Sequence Alignment: Enhancements to Speed, 
Accuracy, and Functionality. In E. Mathé & S. Davis (Eds.), Statistical 
Genomics: Methods and Protocols (pp. 283-334). New York, NY: Springer New 
York. 
Yasui, Y. (1998). The genetic benefits' of female multiple mating reconsidered. Trends 




Zacharias, I., & Zamparas, M. (2010). Mediterranean temporary ponds. A 
disappearing ecosystem. Biodiversity and Conservation, 19(14), 3827-3834. 
http://doi.org/:%2010.1007/s10531-010-9933-7 
Zamudio, F., Baltazar, B., & Lugo, E. E. (2004). Cacería y conocimiento ecológico 
maya del cocodrilo del pantano (Crocodylus moreletii Bibron & Dumeril, 1951) 
en Quintana Roo, Mexico. Paper presented at the Memorias del VI Congreso 
Internacional sobre Manejo de Fauna Silvestre en la Amazonía y 
Latinoamérica, Iquitos, Peru. 
Zar, J. H. (2013). Biostatistical analysis: Pearson new international edition: Pearson 
Higher Ed. 
Zhang, Z., Schwartz, S., Wagner, L., & Miller, W. (2000). A greedy algorithm for 
aligning DNA sequences. Journal of Computer Biology, 7(1-2), 203-214. 
https://www.doi.org/10.1089/10665270050081478 
Zhao, T., Zhang, W., Zhou, J., Zhao, C., Liu, X., Liu, Z., . . . Jiang, J. (2020). Niche 
divergence of evolutionarily significant units with implications for repopulation 
programs of the world's largest amphibians. Sci Total Environ, 738, 140269. 
https://www.doi.org/10.1016/j.scitotenv.2020.140269 
Zipkin, E. F., Thorson, J. T., See, K., Lynch, H. J., Grant, E. H. C., Kanno, Y., . . . 
Royle, J. A. (2014). Modeling structured population dynamics using data from 











8. Appendix II – Aguadas of Calakmul Database 
 
Overview 
Location and general structure information on 101 waterbodies (aguadas) in the region of 
Calakmul (Calakmul Biosphere Reserve and Balam-Ku State Reserve) in Campeche, Mexico. 
This work is part of the PhD project of José António L. Barão-Nóbrega at University of Salford 
in collaboration with Operation Wallacea. The Aguadas of Calakmul Database was launched 
in the form of a website, using the Google sites platform, and made available to the general 
public. On this website, the user can find general information on how the database works, 
instructions on how to visualise the spatial distribution and summary details of monitored 
aguadas in Google Earth (Map Aguadas Calakmul Google Earth; Figure 47) and access the 
Aguadas of Calakmul Attribute table which contains general structure data (e.g. water levels, 
dominant vegetation, etc..) collected during my visits to surveyed locations between 2017 and 
2019. Furthermore, the user can also find additional links for geographical information on other 
waterbodies within the region (Garcia 2000), general information on freshwater plant 
communities (Moreno-Casasola et al. 2012), soil and vegetation characteristics (Monsivais-
Huertero et al. 2016) and other aspects related to aguadas (UNESCO’s Man and the 
Biosphere Programme status report) in Calakmul Biosphere Reserve. 
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This open access database serves as a working tool for anyone who might want to develop a project 
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and general structure of what we consider the most relevant / accessible aguadas in the region, which 
was something I did not have when I started my PhD project. Furthermore, it also aims to serve as the 
baseline database structure for a citizen science waterbody monitoring project in the region.  
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Figure 47. Aguada data visualization tool available online (Barão-Nóbrega, 2019) using 
Google Earth (Gorelick et al., 2017). Each blue waypoint represents an aguada. 




9. Appendix III – Herpetological diversity of Calakmul (Campeche, 
Mexico): an updated species list with new distribution notes 
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Abstract 
The herpetofauna occurring in the Mayan jungle is one of the richest assemblages in the 
Americas, primarily because of the considerable variation in habitat within these forests. We 
herein provide a list of amphibian and reptile species for the region of Calakmul, located in the 
southern part of the Yucatan Peninsula (Campeche, Mexico). This species list was compiled 
considering the results of herpetological surveys we conducted between 2015-2019 in 
Calakmul Biosphere Reserve, species information gathered from previous literature and 
sighting records reported on the website iNaturalist. All this information pooled together 
resulted in the identification of 109 herpetofauna species (23 amphibians and 86 reptiles) in 
the region of Calakmul, belonging to 34 different families. Furthermore, we hereby present 
new distribution records for seven snake, two lizard and two frog species not previously 
observed in this region. Approximately 38% (n = 41) of the listed herpetofauna species 
reported to occur in Calakmul are listed under a threat category by the environmental Mexican 
legislation. The list presented in this work increases to 109 the number of herpetofauna 
species known to occur in the region of Calakmul, and to 135 the number of amphibians and 
reptiles in the state of Campeche, which therefore becomes the Mexican state of the Yucatan 
Peninsula with the highest herpetofauna diversity, followed by Quintana Roo with 133 species. 





Mexico is one of the world’s most biologically rich countries (García-Frapolli et al. 
2009; Mittermeier and Goettsch-Mittermeier 1997), largely due to the high biodiversity 
found in the southern regions of the Yucatan Peninsula, home to the largest expanse 
of mature seasonal tropical forests remaining in Mesoamerica (Carr III and Stoll 1999; 
Vester et al. 2007). Calakmul Biosphere Reserve (CBR) is located in southern Mexico 
and together with state reserves Balam-Ku and Balam-Kin encompass more than 1.2 
million hectares of protected forest, respectively under jurisdiction and management 
of federal and Campeche state authorities. CBR is an UNESCO World Heritage Site 
of Culture and Nature due to the multiple ancient Mayan ruin sites, including the major 
city of Calakmul and the remnants of the ancient Mayan agroforestry that has given 
place to a forest of outstanding biodiversity (UNESCO 2016). This reserve is 
composed of tropical semi-deciduous forest. In most of the reserve, canopy height 
ranges between 15 to 40 meters and 20% of trees lose their leaves during the dry 
season. Canopy in the northern parts of the reserve ranges from 8 to 20 meters in 
height and 40% of trees are deciduous (Chowdhury 2006). As with other areas of the 
Selva Maya (Ross and Rangel 2011), forest adjacent to ruin sites in Calakmul has 
notably larger trees, a different tree species composition and higher fruit production 
than other forested areas (Slater 2019). Surface water in CBR occurs only in some 
areas where the terrain allows the accumulation of water, which create semi-
temporary natural ponds, locally known as aguadas (Barão-Nóbrega 2019). These 
aguadas are sustained by retaining water provided by the annual precipitation gradient 
and constitute the only source of water to both the fauna and the human communities 
of the region (Reyna-Hurtado et al. 2010). These waterbodies are of particular 
importance to herpetofauna species that require aquatic habitat such as frogs, 
freshwater turtles and crocodiles (Cedeño-Vázquez et al. 2006; Colston et al. 2015) 
Operation Wallacea is an UK-based non-governmental organization specialized in 
biodiversity assessments and monitoring of protected areas. Utilizing the expertise of 
university academics and students, this organization has been performing annual 
biodiversity surveys in CBR since 2012. In 2015, an indexed species list of amphibians 
and reptiles of CBR was compiled and published, reporting the presence of 20 
amphibian and 69 reptile species from 24 total families (Colston et al. 2015). Since 
then, taxonomic changes affected the nomenclature of many species, with some even 
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subject to taxonomic division (e.g Pseudelaphe flavirufa Cope 1867 and Holcosus 
undulatus Wiegmann 1834; González-Sánchez et al. 2017; Meza-Lázaro and Nieto-
Montes de Oca 2015). Operation Wallacea has continued performing annual 
biodiversity surveys in CBR and found nine new herpetofauna records not previously 
reported for the area, with some even representing new records for the state of 
Campeche and the Mexican Yucatan Peninsula. We herein update and summarize 
current knowledge on the species of amphibians and reptiles in the region of Calakmul 
(CBR and surrounding areas) and discuss their conservation implications for the 
region. We also discuss other herpetofauna species that we believe may also occur in 
the region but have not been detected yet. 
Figure 48. Location of Calakmul Biosphere Reserve within the southern Yucatan 
Peninsula in Mexico. Operation Wallacea’s annual survey sites are numerated from 
one to six. All other localities represent opportunistic sightings or survey locations 
mentioned in previous literature (Calderón-Mandujano et al. 2003; Calderón-
Mandujano et al. 2010; Colston et al. 2015). Locations 7, 16 and 17 are located within 
Balam-Ku State Reserve. 
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Material and Methods 
Calakmul Biosphere Reserve (18.60583 N, 89.94444 W; WGS84; Figure 48) is an 
expanse of tropical forest that covers an area of 723,000 hectares, and is part of the 
Selva Maya that encompasses Mexico, Guatemala and Belize, spanning over 10.6 
million hectares and making it the largest continuous section of tropical forest in 
Mesoamerica (Vester et al. 2007). The southern Yucatan is characterized by a warm, 
sub-humid climate with a mean annual temperature of 24.6 ºC. A precipitation ecocline 
goes from the northwest (ca. 900mm) to the southeast (ca. 1400 mm) of the reserve 
(Vester et al. 2007), over the 120 km from the north of the reserve to the Guatemalan 
border (Lawrence and Foster 2002), significantly influencing forest structure and tree 
species composition (Chowdhury 2006; Martínez and Galindo-Leal 2002). 
Herpetofauna surveys in CBR were carried out each year between June and August 
from 2015 to 2019 through transects, timed searches around waterbodies and 
opportunistic funnel trapping in six different sampling localities (Dos Naciones, KM20, 
KM27, KM40, Mancolona and Hormiguero; Figure 48), as part of Operation Wallacea’s 
annual biodiversity monitoring project in the region. For further detailed information on 
surveyed locations and methods, please see Colston et al. (2015). All data were 
collected by teams of students led by university academics and local indigenous 
experts. Due to permit restrictions within CBR, no specimens were collected but digital 
photographs for all new records were taken and represent digital vouchers (Colston et 
al. 2015), curated by Operation Wallacea (José António L. Barão-Nóbrega and Pedro 
E. Nahuat-Cervera) and University of Texas (Eric Smith and Gregory Pandelis). 
Fieldwork was performed in compliance with the protocols described by Beaupre et al. 
(2004). Ethics approval was yearly granted to Operation Wallacea’s long-term 
monitoring project, in collaboration with Pronatura Peninsula Yucatan, by Mexico’s 
Secretariat of Environment and Natural Resources (SEMARNAT; 
SGPA/DGVS/005403/18). 
We compiled an updated species list for the region of Calakmul by combining our 
herpetological survey results between 2015-2019 in CBR with ad libitum herpetofauna 
sightings from JALBN’s field-work activities in the region, opportunistic amphibian and 
reptile data records from the iNaturalist community (research grade records only; 
iNaturalist 2019) and herpetofauna species information from literature review on 
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previous studies conducted within and around the reserve (Calderón-Mandujano et al. 
2003; Calderón-Mandujano et al. 2008; Calderón-Mandujano et al. 2010; Colston et 
al. 2015; Neri-Castro et al. 2017). We decided to base our taxonomic classification on 
the works of González-Sánchez et al. (2017), Lee (2000), Meza-Lázaro and Nieto-
Montes de Oca (2015), Wilson et al. (2013a,b) and updated the scientific names of 
species until September 2019, based on Frost (2019) for amphibians and Uetz and 
Hošek (2019) for reptiles.  
Results 
Operation Wallacea’s herpetofauna survey records, pooled together with data from 
pre-existing literature and opportunistic sightings, indicate the occurrence of 109 
species of amphibians and reptiles within the region of Calakmul (Table 7). From this 
total, 23 are amphibian species belonging to nine different families, while the 
remaining 86 species are reptiles distributed amongst 25 families. For amphibians, the 
richest family in terms of species is Hylidae (35% of the total amphibian species 
richness detected), while for reptiles the richest families are Colubridae (23%), 
Dipsadidae (20%) and Dactyloidae (8%). Approximately 38% (n = 41) of the 
herpetofauna species reported to occur in Calakmul (Table 7) are listed under a threat 
category by the environmental Mexican legislation (NOM-059-SEMARNAT-2010). 
From these 41 species, 71% (n = 29) are indicated as in need of Special Protection 
(Protección especial), 24% (n = 10) as Threatened (Amenazada), and 5% (n = 2; 
Cachryx defensor Cope 1866 and Claudius angustatus Cope 1865) as in Danger of 
Extinction (Peligro de Extinción). 
During this study, we encountered a total of eleven herpetofauna species (nine in CBR 
and 2 in the surrounding areas) that had never been previously reported for the region. 
The frog Engystomops pustulosus (Cope 1864), the lizards Ctenosaura similis (Gray 
1831) and Holcosus gaigeae (Smith and Laufe 1946) and snakes Coniophanes 
bipunctatus (Günther 1858), Pseudelaphe phaescens (Dowling 1952) and Stenorrhina 
freminvillei (Duméril, Bibron and Duméril 1854) represent new records for the region 
of Calakmul (Figures 49A, 49C, 49D, 50A, 50B, 50C). The snakes Tantilla cuniculator 
(Smith 1939), Tantilla schistosa (Bocourt 1883) and Scaphiodontophis annulatus 
(Duméril, Bibron and Duméril 1854) represent new records for the state of Campeche 
(Figures 51A, 51B, 51C). The frog Eleutherodactylus leprus (Cope 1879) and the 
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snake Sibon dimidiatus (Günther 1872) represent new records for the Mexican 
Yucatan Peninsula (Figures 49B, 51D). All new records mentioned above correspond 
to adult individuals. Number of observed individuals goes as following: one individual 
for E. pustulosus, C. similis, C. bipunctatus, S. dimidiatus, S. freminvillei and T. 
cuniculator; two individuals for S. annulatus, T. schistosa and P. phaescens; more 
than five individuals for E. leprus and H. gaigeae. 
 
Figure 49. New records encountered in Calakmul: (A) Engystomops pustulosus 
(UTADC 9453), (B) Eleutherodactylus leprus (UTADC 9452), (C) Ctenosaura similis 






Figure 50. New records encountered in Calakmul: (A) Coniophanes bipunctatus 
(UTADC 9450), (B) Pseudelaphe phaescens (UTADC 9455), (C) Tantilla cuniculator 

















Figure 51. New records encountered in Calakmul: (A) Stenorrhina freminvillei 
(UTADC 9458), (B) Tantilla schistosa (UTADC 9460), (C) Scaphiodontophis annulatus 
(UTADC 9456), (D) Sibon dimidiatus (UTADC 9457). Photos (A) by PENC, (B) by AT 











Table 7. List of amphibians and reptiles encountered in the region of Calakmul. 
Numbers indicate source of species records (1 – Colston et al. 2015; 2 – This study; 
3 – Neri-Castro et al. 2017; 4 – Calderón et al. 2003; 5 – Calderón-Mandujano et al. 
2008; 6 – Calderón-Mandujano et al. 2010; 7 – iNaturalist.org 2019). AO – Álvaro 
Obregón; BKC – Balam-Ku Conejo; CR – Calakmul Ruins; DN – Dos Naciones; HM – 
Hormiguero; MC – Mancolona; NDZ - Nadzca’an; NM – Narciso Mendoza; NB – 
Nuevo Becal; PA – Plan de Ayala. * represents new records for the region of Calakmul, 
** represents new records for the state of Campeche, *** represents new records for 
the Mexican Yucatan Peninsula. NNTV indicates species not native to the Yucatan 
Peninsula. Information inside brackets in localities column represents either the digital 
voucher number or iNaturalist registry ID.  
Family Species Localities 
Bufonidae Incilius valliceps (Wiegmann 1833) 
Km201,2, Km401,2, DN1,2, HM1,2, 
MC1,2, NDZ1, BKC2 
Bufonidae Rhinella horribilis (Wiegmann 1833) 
Km201,2, Km401,2, DN1,2, HM1,2, 
MC1,2, NDZ1, NB2 
Eleutherodactylidae Eleutherodactylus leprus (Cope 1879) ***  DN2 (UTADC 9452) 
Hylidae Dendropsophus ebraccatus (Cope 1874) Km201,2, DN1,2, NM4, PA4 
Hylidae Dendropsophus microcephalus (Cope 1886) Km201,2, DN1,2, HM1,2, MC1,2 
Hylidae Scinax staufferi (Cope 1865) Km201,2, DN1,2, HM1,2, MC1,2 
Hylidae Smilisca baudinii (Duméril & Bibron 1841) 
Km201,2, DN1,2, HM1,2, MC1,2, NDZ1, 
BKC2 
Hylidae Tlalocohyla loquax (Gaige & Stuart 1934) 
Km201,2, Km401,2, DN1,2, HM1,2, 
MC1,2 
Hylidae Tlalocohyla picta (Günther 1901) Km201 
Hylidae Trachycephalus typhonius (Linnaeus 1758) Km201,2, HM1,2, MC1,2, Bel-Ha2 
Hylidae Triprion petasatus (Cope 1865) Km201,2, DN1,2, HM1,2, MC1,2 
Leptodactylidae Engystomops pustulosus (Cope 1864) * BKC2 (UTADC 9453) 
Leptodactylidae Leptodactylus fragilis (Brocchi 1877) Km201,2, Km401,2, MC1,2, BKC2 
Leptodactylidae Leptodactylus melanonotus (Hallowell 1861) Km201,2, DN1,2, MC2, BKC2 
Microhylidae Gastrophryne elegans (Boulenger 1882) Km201,2, DN1,2, HM2, MC2 
Microhylidae Hypopachus variolosus (Cope 1866) 
Km201,2, Km401,2, DN1,2, HM1,2, 
MC1,2, NDZ1, BKC2 
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Phyllomedusidae Agalychnis callidryas (Cope 1862) Km201,2, DN1,2, HM1,2, MC1,2 
Ranidae Lithobates brownorum (Sanders 1973) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2, BKC2 
Ranidae Lithobates vaillanti (Brocchi 1877) Km201,2, HM1,2, MC2 
Rhinophrynidae 
Rhinophrynus dorsalis (Duméril & Bibron 
1841) 
Km201,2, DN1,2, HM1,2, BKC2, Bel-Ha2 
Plethodontidae 
Bolitoglossa mexicana (Duméril, Bibron & 
Duméril 1854) 
Km201, DN1,2 
Plethodontidae Bolitoglossa rufescens (Cope 1869) Km201 
Plethodontidae Bolitoglossa yucatana (Peters 1882) Km201, DN1, AO4 
Family Species Locality 
Crocodylidae Crocodylus moreletii (Duméril & Bibron 1851) 
Km271,2, HM1,2, MC1,2, BKC2, CR2, 
PA2, AO2, NB2, NM2 
Corytophanidae Basiliscus vittatus (Wiegmann 1828) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2, NB5, BKC2 
Corytophanidae Corytophanes cristatus (Merrem 1820) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2 
Corytophanidae Corytophanes hernandesii (Wiegmann 1831) Km402, DN1,2, HM1,2 
Corytophanidae Laemanctus serratus (Cope 1864) Km201,2, Km485, HM1,2, NDZ1 
Corytophanidae Laemanctus longipes (Wiegmann 1834) CR6 
Dactyloidae Norops beckeri (Boulenger 1881) Km201,2, AO4, CR4, Bel-Ha4 
Dactyloidae Norops biporcatus (Wiegmann 1834) DN1,2, HM1,2 
Dactyloidae Norops lemurinus (Cope 1861) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2, NDZ1, BKC2 
Dactyloidae Norops rodriguezii (Bocourt 1873) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2, NDZ1, BKC2 
Dactyloidae Norops sagrei (Duméril & Bibron 1837) NNTV Km201,2, HM2, DN1,2, MC1,2 
Dactyloidae Norops tropidonotus (Peters 1863) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2, NB5, BKC2 
Dactyloidae Norops ustus (Cope 1864) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2 
Eublepharidae Coleonyx elegans (Gray 1845) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2, NDZ1, NB5 
Gekkonidae 
Hemidactylus frenatus (Duméril & Bibron 
1836) NNTV 
Km201,2, DN1,2, HM1,2, MC1,2, BKC2 
Iguanidae Cachryx alfredschmidti (Köhler 1995) Km104, Km485, CR4 
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Iguanidae Cachryx defensor (Cope 1866) HM1,2, NDZ1 
Iguanidae Ctenosaura similis (Gray 1831) * Silvituc2 (UTADC 9451) 
Mabuyidae Marisora brachypoda (Taylor 1956) HM2, AO7, MC5 
Phrynosomatidae Sceloporus chrysostictus (Cope 1866) 
Km201,2, Km272, Km504, DN1,2, 
HM1,2, MC1,2, NDZ1, NB5, BKC2 
Phrynosomatidae Sceloporus lundelli (Smith 1939) Km202, MC1,2, HM2, CR4 
Phyllodactylidae Thecadactylus rapicauda (Houttuyn 1782) 
Km201,2, Km485, DN1,2, HM1,2, MC1,2, 
CR5 
Scincidae Mesoscincus schwartzei (Fischer 1884) Km201,2, MC1,2, HM2, DN2 
Scincidae Plestiodon sumichrasti (Cope 1867) Km201,2, DN2, MC2, CR4 
Sphaerodactylidae Sphaerodactylus glaucus (Cope 1866) Km201,2, DN1,2, HM1,2, MC1,2 
Sphenomorphidae Scincella cherriei (Cope 1893) Km201,2, HM2 Km504, MC4, CR5 
Teiidae Aspidoscelis angusticeps (Cope 1878) 
Km201,2, Km271,2, Km401,2, HM1,2, 
MC1,2, BKC2 
Teiidae Aspidoscelis deppii (Wiegmann 1834) NM4 
Teiidae Holcosus gaigeae (Smith & Laufe 1946) * Km202, DN2 (UTADC 9454) 
Teiidae Holcosus hartwegi (Smith 1940) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2, NDZ1, NB5 
Boidae Boa imperator (Daudin 1803) Km201,2, Km272, NDZ1 
Colubridae 
Drymarchon melanurus (Duméril, Bibron & 
Duméril 1854) 
Km202, HM1,2, DN2, MC1,2, NB2 
Colubridae Drymobius margaritiferus (Schlegel 1837) 
Km201,2, Km271,2, Km401,2, HM1,2, 
MC1,2, NDZ1, NB5 
Colubridae Ficimia publia (Cope 1866) Km201,2, HM1,2, DN2, AO5, CR5 
Colubridae Lampropeltis abnorma (Bocourt 1886) Km201,2, HM1,2, MC1,2, Bel-Ha4 
Colubridae Leptophis ahaetulla (Linnaeus 1758) Km201,2, Km401,2, HM2, DN1,2 
Colubridae 
Leptophis mexicanus (Duméril, Bibron & 
Duméril 1854) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2, NB5, BKC2 
Colubridae Mastigodryas melanolomus (Cope 1868) 
Km201,2, Km401,2, HM2 DN1,2, MC1,2, 
NDZ1, NM4, NB2 
Colubridae Oxybelis aeneus (Wagler 1824) Km201,2, NDZ1, CR4, PA4, AO4 
Colubridae Oxybelis fulgidus (Daudin 1803) MC1,2, NB4, PA4 
Colubridae Phrynonax poecilonotus (Günther 1858) Km201,2, MC2, DN2 
Colubridae Pseudelaphe flavirufa (Cope 1867) 




Colubridae Pseudelaphe phaescens (Dowling 1952) * HM2 (UTADC 9455) 
Colubridae Senticolis triaspis (Cope 1866) MC1 
Colubridae Spilotes pullatus (Linnaeus 1758) Km271,2, Km401,2, HM1,2, MC1,2 
Colubridae 
Stenorrhina freminvillei (Duméril, Bibron & 
Duméril 1854) * 
MC2 (UTADC 9458) 
Colubridae Symphimus mayae (Gaige 1936) Km201,2, Km504, DN1,2, MC4 
Colubridae Tantilla cuniculator (Smith 1939) ** HM2 (UTADC 9459) 
Colubridae Tantilla moesta (Günther 1863) DN2, Km202,3  
Colubridae Tantilla schistosa (Bocourt 1883) ** HM2, MC2 (UTADC 9460) 
Colubridae Tantillita lintoni (Smith 1940) DN2, MC4 
Dipsadidae Coniophanes bipunctatus (Günther 1858) * Bel-Ha2 (UTADC 9450) 
Dipsadidae 
Coniophanes imperialis (Baird & Girard 
1859) 
Km201,2, Km271,2, Km401,2, DN1,2, 
MC1,2, HM2 NDZ1, NB5, BKC2 
Dipsadidae Coniophanes schmidti (Bailey 1937) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM1,2, MC1,2, NDZ1, BKC2 
Dipsadidae Dipsas brevifacies (Cope 1866) 
Km201,2, Km271,2, Km401,2, HM1,2, 
MC1,2, DN2 
Dipsadidae Imantodes cenchoa (Linnaeus 1758) Km201,2, Km485, DN1,2, HM1,2, MC1,2 
Dipsadidae Imantodes gemmistratus (Cope 1861) Km201,2, HM1,2, MC2, Bel-Ha4 
Dipsadidae Imantodes tenuissimus (Cope 1867) 
Km201,2, Km271,2, Km401,2, MC2, 
HM2 
Dipsadidae Leptodeira frenata (Cope 1886) 
Km201,2, HM1,2, MC1,2, NDZ1, CR5, 
BKC2 
Dipsadidae Leptodeira polysticta (Günther 1895) DN1,2, HM2, NB5, CR5 
Dipsadidae Ninia diademata (Baird & Girard 1853) Km201,2, Km401,2 
Dipsadidae 
Ninia sebae (Duméril, Bibron & Duméril 
1854) 
Km201,2, HM1,2, DN2, MC4, CR4 
Dipsadidae Pliocercus elapoides (Cope 1860) CR5 
Dipsadidae Sibon dimidiatus (Günther 1872) *** DN2 (UTADC 9457) 
Dipsadidae Sibon nebulatus (Linnaeus 1758) 
Km201,2, Km485, DN1,2, CR4, AO4, 
NM4 
Dipsadidae Sibon sanniolus (Cope 1866) Km201,2, DN2, CR4, NM4 
Dipsadidae Tropidodipsas fasciata (Günther 1858) Km201,2, Km271,2, HM1,2, MC2, AO5 
Dipsadidae Tropidodipsas sartorii (Cope 1863) 
Km201,2, Km271,2, Km401,2, DN1,2, 




Xenodon rabdocephalus (Wied-Neuwied 
1824) 
Km201,2, Km485, MC1,2, CR4, NM4 
Elapidae 
Micrurus diastema (Duméril, Bibron & 
Duméril 1854) 
Km201,2, Km271,2, Km401,2, DN1,2, 
MC1,2, NDZ1, NB5, CR5 
Natricidae 
Thamnophis marcianus (Baird & Girard 
1853) 
AO4, MC4 
Natricidae Thamnophis proximus (Say 1823) Becan7 (iN 1729318) 
Sibynophiidae 
Scaphiodontophis annulatus (Duméril, Bibron 
& Duméril 1854) ** 
DN2 (UTADC 9456) 
Typhlopidae Amerotyphlops microstomus (Cope 1866) AO6 
Viperidae Agkistrodon russeolus (Gloyd 1972) Km201,2, NDZ1, CR4 
Viperidae Bothrops asper (Garman 1883) 
Km201,2, Km271,2, Km401,2, DN1,2, 
HM2, NDZ1, MC5, BKC2 
Viperidae Crotalus tzabcan (Klauber 1952) 
Km201,2, DN1,2, HM1,2, NDZ1, CR4, 
AO4, NB4 
Emydidae Terrapene yucatana (Boulenger 1895) Km202, HM1,2, AO2, CR4 
Emydidae Trachemys venusta (Gray 1855) Km201,2, Km271,2, HM1,2, Bel-Ha2 
Geoemydidae 
Rhinoclemmys areolata (Duméril, Bibron & 
Duméril 1851) 
Km201,2, Km485, MC2, HM1,2, DN2, 
AO5 
Kinosternidae Kinosternon acutum (Gray 1831) HM1,2, DN2 
Kinosternidae Kinosternon creaseri (Hartweg 1934) Km201,2, NDZ1, HM2, DN2 
Kinosternidae 
Kinosternon leucostomum (Duméril, Bibron & 
Duméril 1851) 
Km201,2, DN1,2, MC2, HM1,2, NDZ1 
Kinosternidae Kinosternon scorpioides (Linnaeus 1766) 
Km201,2, Km271,2, HM1,2, MC1,2, 
NDZ1, NB5 
Staurotypidae Claudius angustatus (Cope 1865) Km201,2, Km272, DN2, HM1,2, NDZ1 









The 109 species of amphibians and reptiles found in CBR and surrounding areas 
represent, respectively, approximately 84% and 75% of total species richness 
registered for the state of Campeche and Yucatan Peninsula (González-Sánchez et 
al. 2017) and approximately 60% of the observed herpetofauna richness in the entire 
Mayan jungle (188 species; Lee 2000). From the total number of species found in 
Calakmul, nearly 21% are endemic to the Yucatan Peninsula (e.g. Bolitoglossa 
yucatana Peters 1882; Cachryx defensor; Tantilla cuniculator; Terrapene yucatana 
Boulenger 1895). Field observations and data from Operation Wallacea’s monitoring 
project between 2014 and 2018 in CBR indicate a decline in overall herpetofauna 
abundance and diversity paired with a significant reduction in water availability across 
the region due to the ongoing prolonged drought the reserve is experiencing (Slater 
2019). As site conservation may be one of the most effective means of reducing 
biodiversity loss (Eken et al. 2004), our data highlights the importance of increasing 
our knowledge of the assemblage and distribution of herpetofauna species within the 
Yucatan Peninsula when taking measures to preserve the fauna of this region. 
Our results from 2015 to 2019 in CBR point out that only about 65% of the species we 
found were recorded in three or more areas. This result is not very different from the 
percentage previously reported for the reserve (50%; Colston et al. 2015) and further 
suggests significant differences in species richness and diversity within Calakmul. 
Topography and latitude-correlated rainfall differences across this region could be 
accountable for differences in local microhabitat differences (Lyons and Willig 2002; 
Stevens 1989), which may result in species variation among areas (Garda et al. 2013; 
Vitt et al. 2007).  
The significant percentage (38%) of herpetofauna species occurring in Calakmul listed 
in the risk categories proposed by the Mexican environmental legislation (NOM-059-
SEMARNAT-2010) highlights the importance of considering amphibian and reptiles 
when planning future development projects that would involve habitat loss or alteration 
in the region (e.g. Mayan train; Pskowski 2019), as degradation and loss of habitat 
has been indicated as one of the major threats to amphibian and reptile conservation 
in Mexico (Flores-Villela and García-Vázquez 2014; Parra-Olea et al. 2014). It is 
worthwhile mentioning that unlike CBR, which has federal jurisdiction and management, other 
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areas of the Calakmul region (e.g. Balam Ku Balam Kin state reserves) are not under the 
same legal protection framework which restricts the conservation efforts of environmental 
authorities operating in these areas.  
Although the frog E. leprus and the snake S. dimidiatus represent new records for the 
Mexican part of the Yucatan Peninsula, it was speculated that the distribution of these 
species could encompass the region of Calakmul as they have both been reported in 
Uaxactún (northern Guatemala), which is relatively close (70km; Lee 2000) to the 
southern portion of CBR (González-Sánchez et al. 2017). This may also be the case 
for other amphibians and reptiles, hence we believe that species typically reported in 
neighbouring regions (e.g., Tabasco) or countries (i.e., Belize and Guatemala), such 
as the lizards Celestus rozellae (Smith 1942), Norops capito (Peters 1863), Norops 
uniformis (Cope 1885), Sceloporus serrifer (Cope 1866), Sphaerodactylus 
millepunctatus (Hallowell 1861), the snakes Adelphicos quadrivirgatum (Jan 1862), 
Conophis lineatus (Duméril, Bibron and Duméril 1854), Masticophis mentovarius 
(Duméril, Bibron and Duméril 1854), Oxyrhopus petolarius (Linnaeus 1758), 
Tretanorhinus nigroluteus (Cope 1861), Bothriechis schlegelii (Berthold 1846) 
Porthidium nasutum (Bocourt 1868) and the turtle Dermatemys mawii (Gray 1847) 
might also occur within the region of Calakmul. Some of these species require very 
specific habitat characteristics to thrive (Lee 2000), which would likely limit their 
distribution to very confined areas / habitats within Calakmul. For example, species 
like D. mawii and T. nigroluteus inhabit permanent and semi-permanent waterbodies 
with a relative slow water flow (Chaves et al. 2016; Lee 2000; Vogt et al. 2006). 
Information gathered during author JALBN’s PhD activities in the region indicates the 
presence of areas across Calakmul, away from our regular survey sites, that seem to 








The list presented in this work increases to 109 the number of herpetofauna species 
known to occur in the region of Calakmul, and to 135 the number of amphibians and 
reptiles in the state of Campeche, which therefore becomes the Mexican state of the 
Yucatan Peninsula with the highest herpetofauna diversity, followed by Quintana Roo 
with 133 species. Furthermore, our study increases to 148 the total number of 
amphibian and reptile species recorded in the Yucatan Peninsula (González-Sánchez 
et al. 2017; Ortiz-Medina et al. 2019). Future studies should be performed during 
different seasons and in other areas within Calakmul, focusing sampling efforts on 
fossorial amphibians and reptiles (e.g. genus Tantilla and Tantillita), which are hard to 
detect and therefore deeply understudied. 
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Figure 52. Number of detected Persistent Organic Pollutants (PAHs and OCs) in 
sediment samples from aguadas in the region of Calakmul (Biosphere Reserve and 







Table 8. Number of detections and mean concentrations of Polycyclic aromatic 
hydrocarbons (PAHs) and in sediment samples from 66 waterbodies across the region 
of Calakmul (Calakmul Biosphere Reserve and surrounding areas) in southern 
Campeche, Mexico. All concentrations are displayed in ug/g dry weight. Mean 
concentration and standard deviation were only calculated for compounds detected in 
more than 10% of sediment samples. TEL represents the threshold effect level values 
listed on NOAA Screening Quick Reference Tables for organics in sediments (Burton 
Jr, 2002; Buchman, 2008). 




mean ± sd (min - max) 
Toxicity guideline 
(TEL) 
Naphthalene (2) 3 (5%) (0.002 - 0.077) 0.035 
Acenaphthene (3) 8 (12%) 0.003 ± 0.017 (0.002 - 0.050) 0.007 
Acenaphthylene (3) 22 (33%) 0.020 ± 0.212 (0.001 - 0.371) 0.006 
Anthracene (3) 28 (42%) 0.005 ± 0.009 (0.001 - 0.058) 0.047 
Fluoranthene (3) 20 (30%) 0.004 ± 0.0023 (0.001 - 0.017) 0.111 
Phenanthrene (3) 9 (14%) 0.005 ± 0.012 (0.002 - 0.089) 0.042 
LMW PAHs    
Fluorene (4) 7 (10%) 0.003 ± 0.003 (0.001 - 0.022) 0.021 
Pyrene (4) 19 (29%) 0.004± 0.004 (0.002 - 0.037) 0.053 
Benz(a)anthracene (5) 34 (52%) 0.015 ± 0.07 (0.002 - 0.199) 0.032 
Benzo(b)fluoranthene (5) 7 (11%) 0.004 ± 0.0323 (0.002 - 0.259) 0.07 
Benzo(k)fluoranthene (5) 15 (23%) 0.005 ± 0.011 (0.002 - 0.168) 0.06 
Benzo(a)pyrene (5) 9 (14%) 0.009 ± 0.4201 (0.002 - 0.220) 0.032 
Dibenzo(a,h)anthracene (5) 12 (18%) 0.014 ± 0.366 (0.005 - 0.099) 0.006 
Chrysene (5) 19 (29%) 0.006 ± 0.015 (0.002 - 0.204) 0.057 
Indeno(1,2,3-cd)pyrene (6) 10 (15%) 0.002 ± 0.003 (0.002 - 0.020) NA 
Benzo(g,h,i)perylene (6) 18 (27%) 0.006 ± 0.007 (0.002 - 0.167) NA 
HMW PAHs    
Σ by number of rings    
ΣPAHs (2) 3 (5%) (0.002 - 0.077) --- 
ΣPAHs (3) 32 (49%) 0.045 ± 0.615 (0.406) --- 
ΣPAHs (4) 29 (44%) 0.011 ± 0.032 (0.214) --- 
ΣPAHs (5) 40 (60%) 0.050 ± 0.490 (0.605) --- 
ΣPAHs (6) 18 (27%) 0.007 ± 0.031 (0.167) --- 
185 
 
Table 9. Number of detections and mean concentrations of organochlorinated 
compounds in sediment samples from 66 waterbodies across the region of Calakmul 
(Calakmul Biosphere Reserve and surrounding areas) in southern Campeche, 
Mexico. All concentrations are displayed in ug/g dry weight. Mean concentration and 
standard deviation were only calculated for compounds detected in more than 10% of 
sediment samples. TEL represents the threshold effect level values listed on NOAA 
Screening Quick Reference Tables for organics in sediments (Buchman, 2008). 
Compound Detections N (%) 
Concentrations 
mean ± sd (min - max) 
Toxicity guideline (TEL) 
Aldrin 7 (11%) 0.002 ± 0.001 (0.001 - 0.003) NA 
Chlordane (cis) 25 (38%) 0.002 ± 0.001 (0.001 - 0.009) NA 
Chlordane (trans) 9 (13%) 0.001 ± 0.001 (0.001 - 0.004) NA 
Dieldrin 12 (18%) 0.001 ± 0.001 (0.001 - 0.004) 0.003 
Endosulfan (I) 11 (17%) 0.001 ± 0.001 (0.001 - 0.005) NA 
Endosulfan (II) 14 (21%) 0.002 ± 0.003 (0.001 - 0.070) NA 
Endosulfan (Sulfate) 18 (27%) 0.002 ± 0.002 (0.001 - 0.009) NA 
Endrin 10 (15%) 0.003 ± 0.005 (0.001 - 0.099) 0.003 
Endrin (Aldehyde) 8 (12%) 0.002 ± 0.001 (0.001 - 0.010) NA 
Endrin (Ketone) 8 (12%) 0.002 ± 0.0034 (0.001 - 0.024) NA 
DDD (pp) 11 (17%) 0.004 ± 0.004 (0.001 - 0.025) 0.004 
DDE (pp) 24 (36%) 0.002 ± 0.004 (0.001 - 0.097) 0.001 
DDT (pp) 12 (18%) 0.003 ± 0.002 (0.001 - 0.01) NA 
HCH (α) 2 (3%) (< 0.001 - 0.003) NA 
HCH (β) 14 (21%) 0.002 ± 0.001 (0.001 - 0.014) NA 
HCH (δ) 12 (18%) 0.001 ± 0.000 (0.001 - 0.002) NA 
HCH (γ) 3 (5%) (< 0.001 - 0.004) 0.001 
Heptachlor 6 (9%) (< 0.001 - 0.001) NA 
Heptachlor Epoxide 6 (9%) (< 0.001 - 0.004) < 0.001 
Metoxichlor 20 (30%) 0.009 ± 0.018 (0.001 - 0.147) NA 
Σ by group    
Σ Deines 25 (38%) 0.004 ± 0.007 (0.101) NA 
Σ DDTs 31 (47%) 0.003 ± 0.006 (0.104) 0.007 
Σ Endosulfans 29 (44%) 0.003 ± 0.005 (0.070) NA 
Σ HCHs 19 (29%) 0.001 ± 0.002 (0.014) NA 
Σ Heptachlors 9 (14%) 0.001 ± 0.001 (0.004) NA 
Σ other PCBs 32 (49%) 0.006 ± 0.017 (0.153) NA 
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Figure 53. Polycyclic Aromatic Hydrocarbons (PAHs) of low (2 – 3 ring) and high (4 – 
6 rings) molecular weights (A) and Organochlorinated pesticide (OCs) substances (B) 
detected in surface sediments of 66 waterbodies in the region of Calakmul (Biosphere 
Reserve and surrounding areas) in southern Campeche, Mexico. Bars indicate 
proportion of sampled waterbodies where compounds were detected. (Calakmul 
Biosphere Reserve and surrounding areas) in southern Campeche, Mexico. Full 








Figure 55. Concentrations in µg/g (dry weight) of the three most detected 
Organochlorinated pesticide (DDE, cis Chlordane and Metoxichlor) and Polycyclic 
Aromatic Hydrocarbon (Benzo.a.anthracene, Anthracene and Acenapthylene) 
substances quantified in sediment samples from aguadas in the region of Calakmul 
(Biosphere Reserve and surrounding areas) in southern Campeche, Mexico. 
  
 
 
 
 
 
